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Abstract 
The ecological effects of the green shore crab Carcinus maenas (L.) fishery was 
investigated in estuaries on the south west coast of the UK. The fishery known as 'crab-
tiling' involves 'crab-tilers' laying artificial refugia such as car tyres, guttering or roof 
tiles, intertidally in estuaries. 'Crab-tiles' are specifically laid on mudflats and sandflats 
to attract moutling crabs seeking refuge, these crabs are then collected -to use or sell as 
bait for recreational angling. Many estuaries that are crab-tiled are subject to a range of 
International, European and National legislation as they are of great conservation 
impmiance. For example, they provide feeding grounds for migratory wading shorebirds, 
and nursery and feeding areas for commercially and ecologiq1lly important fishes. Little 
is known regarding the impacts of the crab-tiling fishery on the-estuarine ecosystem. The 
aim of this study was to identify the direct effects that crab-tiling has on estuar:ine fauna, 
allowing a better understanding of ·the implications of crab-tiling for ecosystem 
functioning, subsequently allowing conservation groups to manage crab-tiling activity 
based on ecologically infonned decisions. 
Effmis -to establish the main impacts of crabctiling foc;used on infauna that live within 
sediments where crab-tiles are laid, on estuarine epifauna (such as crabs, birds and 
benthic fishes) which forage around crab-tiled habitat, and aquatic fauna which utilise the 
intertidal environment during high tide. 
To quantify the impact of crab-tiling on populations of the target organism, C. maenas, a 
mensurative expetiment was conducted over six estuaries in south-west England, 
including three commercially tiled' estuaries and three relatively not-tiled estuar:ies. 
Estuaries where commercial crab-tiling took place were found to support substantially 
larger population sizes of C. maenas than not-tiled estuaries although the C. maenas 
modal size class was smaller, suggesting that, in tenns of C. maenas abundance, the 
etfect of crab removal by fisheries was outweighed by the increase -in habitat availability 
due to the presence of crab tiles, 
The diversity and abundance of wading birds feeding over mud flats was not affected by 
the pres-ence of crab-tiles, though birds aggregated around the tiles when feeding; 
conversely, crab-tiles generally had an opposite effect on- aquatic fauna, which tended to 
be more abundant in control sites than in crab-tiled sites_ A possible explanation for these 
observations was associated with the concentration of crabs around the .tiles: these 
localised crab populations could provide prey for wading shore birds, which were seen 
collecting C. maenas tl-om crab-tiles, ·but could simultaneously predate on aquatic fauna; 
during high tide, tiled sites had the highest abundance of crabs, yet control sites had the 
highest abundance of all .the other aquatic fauna. 
The crab-tiling fishet'Y has been found to cause ecological impacts to a range of estuarine 
htuna_ Changes in any one species abundance could have implications for that species' 
predator and prey; additionally the abundance mediated change in the ecological 
functions which they pcrfonn, wi 11 have consequences for ecological processes within 
the estuary as a whole. The indirect impacts occun·ing as a result of the direct effects 
measured here also need to be quantified so that the full effect that crabctiling has for 
ecosystem functioning in estuaries can be understood and effectively managed. 
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Chapter 1 : Introduction 
Crab-tiling, also known as crab potting, is a means of collecting crabs Carcinus maenas 
(L. 1758) (Decapoda, Portunidae) to use or sell as bait for recreational angling. The 
target organism is commonly known as a 'peeler crab', which is the stage in the life 
cycle of C. maenas just before they moult, also known as pre-ecdysis. When a crab 
enters this phase of its life cycle, it becomes more vulnerable to predation and therefore, 
seeks refuge where it can shed its exoskeleton and allow the new soft body to expand 
and harden. Crab-tilers take advantage of this behaviour by laying m1ificial refugia, 
known as 'tiles' or 'pots' in the inte11idal of estuaries, specifically on mudtlats and 
sandtlats. These tiles then attract crabs. Most hard-wearing materials can be used as a 
crab-tile, including: roofguttering, car tyres and roof tiles, hence the name crab-tiling. 
The material of the tile used will often be dictated by the sediment type that the crab" 
tiler is working with. In an estuary, such as the Exc Estuary, south-west England, which 
is composed mostly of mobile sand, the crab-tilcr will lay heavy ceramic roof-tiles on 
the sand. In other south-west English estuaFies, such as the Dart Estuary or the Teign 
Estuary which arc muddier, the crab-tiler will use much lighter, cheaper roof guttering 
(50 cm length) which can be inserted into the sediment (Goddcn 1995). After a few tidal 
cycles, the crab-tiler will lift each tile in tum and collect those crabs which arc suitable 
(> 40 mm carapace width, prc-moult), and remove those which are not. The tile is then 
cleaned of accumulated sediment and re-laid for the next crab to inhabit. Commercial 
crab-tilcrs, who have approximately 2000 tiles each, will check them on almost every 
available low tide, or will rotate the section of tiles that they visit over a number of low 
tides. Recreational tilcrs will only lay enough tiles to yield sutTicicnt crabs to use for 
their own bait, such as I 00 tiles each, and will generally service them weekly ~Scott 
Smyc, recreational crab-tilcr, pers. comm.). 
In south-west England the number of crab-tiles laid fl1r the commercial sale of 'peeler 
crab· has increased rapidly in the last two decades (Black 2004, Smyc pers. comm.). 
The crab-tiling tishcry is extending throughout the UK, including areas such as, in 
Morecombe Bay, Lancashire (Jim Andrews. NW and N. Wales Sea Fisheries 
Committee, pcrs. comm.). llhe number of commercial tilers, however, is greatest in 
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south-west England. The mild climate in the south-west of the UK means crabs are able 
to grow and moult all year round (moulting threshold 2: 8 ·c, Crothers 1967), whereas 
further north in the UK, crabs will only moult over the summer months; therefore, crab-
tilers only operate for half of the year (Russell 1999). Thousands of tiles are now laid in 
estuaries, some of which are subject to regional, national and international 
environmental legislation to protect habitats and coastal seabirds. For example, the Exe· 
Estuary, which has the highest number of crab-tiles, has been designated as a SSSI 
(Special Site of Scientific Interest) under the Wildlife and Countryside Act 1981, a 
Ramsar site (convention on Wetlands of International importance), and a SPA (Special 
Protection Area) under the 1979 EC Birds Directive, because ofits importance for large 
numbers of wading shorebirds, consisting .of both migratory and resident populations. 
The Exe Estuary is also recognised and protected under European Union law, as part of 
the Natura 2000 series of protected habitats. Little is known, however, about the overall 
influence of crab-tiling on shore birds or other important species components in 
estuarine food webs, such as the target species C. maenas, infauna or pelagic species. 
Hence, government bodies and conservation groups, such as Countryside Council for 
Wales (CCW), Natural England (NE), Devon Sea Fisheries Committee (DSFC) and 
Devon Wildlife Trust (DWT) have recently attempted to regulate this commercial 
tishery on a local scale and have also supported this research to measure the ecological 
impact of this fishery. 
Fisheries legislation is limited to tin-fish. Molluscs and crustaceans arc detined as 
shellfish, which means that there is a public right to collect them for personal use and/or 
commercial sale. However, whilst the right to fish includes the tight to lay fishing gear, 
by definition, fishing gear must 'entrap' the target species; crab-tiles do not. Therefore, 
the crab-tiling tishery has no legal right on the shore without pem1ission from the 
landowner. This ambiguity in the legislation provoked the application and acceptance of 
a byelaw in the River Exe in April 2003: Byelaw 24- River Exe shclltishery (DSFC 
Devon Sea Fisheries Committee under section 5 and 5a of the Sea Fisheries Act 1966; 
No.2) harvesting of the shore crab has been prohibited in the vicinity of Dawlish 
Wanen (a Local Nature Reserve LNR). A regulating order is now in the process of 
being passed f()l' the Exe to give DSFC the power to enforce a licensing system for crab-
tilcrs that want to operate there, Critetia included in this order to manage crab-tiling, 
however, are not based on tindings ti"om ecological research (sensu Underwood 1995, 
1999). They are based on complaints from various pressure groups, largely due to 
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aesthetic problems associated with tiles, and their direct interference with boat moorings 
and windsurfers who surf over the tiles during high tide. There were also complaints 
made from existi11g crab-tilers, who want to prevent potential new crab-tilers laying 
more crab-tiles in the Exe, reporting that their crab catches were depleting. 
The potential mam ecological impacts of crabctiling were, therefore, not defined, let 
alone understood. It would therefore be impossible to determine whether the 
implementation of any management strategies employed was effective if the ecological 
problems they were ti·ying to reduce were not evei1 quantified (sensu Underwood 1995, 
1999). Environmental managers, however, realised that whilst some research needed to· 
be undertaken ,to rectify these problems, they could not wait for studies to be complete 
before the management of crab-tiling commenced, as the extent of crab-tiling in the Exe 
was already extensive. 'fogether with environmental officers from other estuaries in· 
soutiHvest England, and associated stakeholders, a south-west voluntary crabctiling 
code of conduct was created. This was produced as a glossy leaflet, with estuary-
specific infom1ation concerning where crab-tiles could and could not be positioned, 
safety issues when crab-tiling, and advising tilers not to take their dogs with them to 
reduce bird disturbance etc. 
The ,target of this research was to identify any possible impacts of crab-tiling on the 
environment, and to undertake experiments to establish whether these impacts exist. 
Throughout this thesis suggestions are made for the future research which needs to be 
undertaken following results obtained and observations made during this study. The 
results of this study are strongly linked to the spatial and temporal scales of the 
processes investigated, and to the fauna and habitats studied and therefore, extrapolation 
of these results should be carefully considered. 
The extent oj"crab-tiling in the sowh-west o(lhe UK 
To quantify the extent of crabctiling in Devon estuaries, the 'Devon Crab-Tiling Forum' 
coordinated a survey involving estuary officers, representatives of South-west 
Federation of Sea Anglers, DSFC and Natural England. This survey gathered 
information regarding the number and distribution of tiles .in every estuary in Devon in 
2000/200 I. The Devon Crab-Tiling Forum then repeated this survey in 2003/2004 
following the same methodology as before. At this last count, there were over 77,000 
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tiles present on estuarine foreshores in Devon. In the three years between the two 
surveys the estimated number of crab-tiles in Devon increased by 4.78 %, from 73,392 
tiles in the 2000/01 survey to 77,077 tiles in 2003/04. "fhe majority of these were laid 
within three estuaries, which were closest to urbanized areas: the Exe Estuary (30,302 
tiles), the Teign Estuary (22,722 tiles) and the Dart Estuary (11,904 tiles). The rapid 
increase in crab-tiles which occun·ed in estuaries over the last two decades is not 
represented in these data. When the first survey was conducted, the Exe and the Teign 
were perceived to almost be at a saturation threshold in the number of tiles which could 
be laid, due to available space on the foreshore (pers. comm. crab-tilers at the Exe crab-
tilers meeting 2003). 
In 1998, the Tamar Estuaries Working. Group estimated an annual yield of 11 0;000 
crabs within the Tamar estuary complex alone; estimated as 90,000 crabs taken for 
commercial sale and 20,000 crabs taken by recreational crab-tilers (Fowler 1998) from 
approximately 8,403 tiles (Godden 1995). Using these data as a rough estimate of the 
crab yield per tile per year, it suggests that crab-tilers in Devon overall (recreational 
and/or commercia],) are removing over one million crabs a year (Fowler 1998; Black 
2004). This raises concerns from stakeholders on the sustainability of the C. maenas 
fishery, the impact that a reduction of crabs may have on the ecology of the estuary, and 
whether the impact of the fishery per se is ecologically detrimental. Furthennore, 
environmental managers are legally required to protect estuaries, and specific habitats 
within estuaries, under regional, national, European and international legislation. lt is 
therefore important to quantify the effects of crab-tiling on crab populations and other 
associated fauna. 
Crab-tiling- Potential ecological impacts 
Fisheries typically reduce the average size and abundance of the target species (Pauly et 
al 1998; Haedrich and Bames 1997; Jennings et al 200 I). Crab-tiling, therefore, is likely 
to impact the number of C. maenas in estuaries, which could affect related species in the 
estuarine food-web (Raffaelli et al 1989; Grosholsz et al 2000), such as infauna prey 
species, or predators such as tishes or·birds. Also, crab-tiling could directly affect these 
associated fauna through physical disturbance caused by the crab-tile or trampling by 
the crab-tiler. Due to the scale of crab"tiling within some estuaries, these impacts could 
have significant implications on estuarine ecosystem functioning. 
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Life history and ecology of the target organism- Carcinus maenas 
The life history of C. maenas has. been extensively researched due to its tolerance to 
manipulation in laboratory experiments and·field studies, and its ubiquitous distribution. 
Native to European waters; C. maenas has also been introduced in other parts of the 
world, such as, Tasmania, US, Brazil etc. (e.g. Crothers 1967; Aagaard et a! 1995; 
Walton et a! 2002). Research has shown C. maenas behaviour to adapt and modify 
depending on its habitat, allowing .it to toierate relatively huge variations in temperature, 
salinity, biological assemblages and sediment type, which allows this crab to inhabit 
most marine habitats including rocky shores, seagrass beds, salt marshes and estuaries 
where crab-tiles are laid. 
Crab-tilers only take 'peeler crabs' which have a carapace width> 40 mm, as hard crabs 
and/or smaller crabs have no commercial value. For the sustainability of the fishery, 
crab-tilers do not take 'berried' females. This term refers to females carrying fertilised 
eggs in a mass tucked beneath their abdomen. Egg bearing females may be found all 
year round in south-west England; though the reproductive season is related to 
geographical location ~ea! and Pizzolla 2006). The life cycle is shown in Figure 1.1. 
The peak of mating for C. maenas is between July and September. An indication of 
mating prior to copulation is the male crab carrying around a female (ventral side 
downward) shortly•before she moults. Once moulting has occurred.the male will flip her 
over to begin copulation before the female's genital pores harden. The male will then 
continue to carry the female ventral side upward until she hardens (Crothers, 1968). 'fhe 
average time of ecdysis was found to .be approximately 20 minutes (Stevens 2002). '"The 
exoskeleton off the crab then takes. four to six days in summer and up to sixteen days in 
the spring and autumn to harden (Crothers 1968). During ecdysis, the animal may suffer 
blindness when removing the exoskeleton, the shell is soft and the muscles are 
weakened, making this period in a crustacean's life probably the most vulnerable to 
predation (Stevens 2002). Crab-tilers take advantage of this behaviour by increasing 
refugia in an estuary to be sought out by crabs. The increased humidity under a crab-tile 
might also act as a catalyst facilitating ecdysis (Ley 2000). The eggs are attached to the 
underside of the female, incubating for up to four months depending on temperature, 
until the eggs hatch into larvae (Crothers 1968; Hitchcock 2003). Estuarine C. maenas 
are thought to migrate to the mouth of estuaries to release larvae at night on ebb tides 
5 
Chapter I 
into fully saline water (Queiroga 1996). The size of the male crabs is an important factor 
for their success as a mate. In a competitive interaction over a female, the larger males 
tend to win (van der Meeren 1994). Males with a carapace width over 65 mm often 
mate with several females (van der Meeren 1994); however, crab-tilers are size 
selective, taking only the larger crabs and thus, may reduce the number of these larger 
crabs in the population. 
Warmer water can stimulate larval development to start earlier. In the Schlei, a glacial 
fjord of the Baltic Sea which is 1 °C higher than neighbouring waters of the western 
Baltic Sea, larval development begins one month earlier (Dries and Adelung 1982). The 
eggs hatch into free swimming zoea, which feed on phytoplankton and zooplankton. 
They will moult three times, the third moult is a process of metamorphosis of the zoea 
into megalopa. Megalopa leave the plankton between June and August (McVean and 
Findley 1979) and find a suitable substratum to metamorphose into a juvenile crab, 
where they will remain until the following spring (Crothers, 1968; Atkinson and 
Parsons 1973). This trend has been observed in Plymouth (Lebour 1928), Scotland 
(Williamson 1904) and Milford Haven (Bassindale and Barrett 1957), Danish coast 
(Poulsen 1922) and in the Mediterranean (Lo Bianco 1822). 
Zoea -
1 st larval stage 
Megalopa 
Eggs post larval ---~----­
stage 
Figure 1.1 The life cycle of a Portunidae crab. Photos: Adult crab by E. Sheehan; all others by A. 
Young-Williams from Smithsonian Environmental Research Centre (www.serc.si.edu), who kindly 
granted permission for their use. 
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Adult crabs can tolerate salinities between 4 and 34 (Broekhuysen 1936) however, crab 
larvae are more stenohaline. l'he salinity needed forlarval development has been found 
to be~ 20 (Anger et al 1·998). As juvenile crabs enter adulthood they begin to follow the 
flood and ebbing tide until the rhythm is seasonally interrupted when the water drops 
below 8 °C ~Dare and Edwards 198•1 ). The crabs then retreat to depths of at least 6 
metres below the mean low water mark (ML WM), where they aggregate in crevices and 
holes until the temperature rises above 8 °C, usually in March/ April (Dries and Adelung 
1982, Aagaard et al 1995) when crabs rhythmic activity resumes and they retum to the 
intertidal to forage (Attrill et al 1999, Naylor 1962, Atkinson and• Parsons 1973, 
Rasmussen 1973). Crabs in their fourth year, and/or approaching tenninal anecdysis, 
tend to reduce activity and remain below the low water mark throughout the year 
(Crothers 1968). Crabs which cease to make intertidal migrations will, therefore, not 
form part of the fishery. 
The ecology of C. maenas has also been extensively studied. C. maenas is an 
opportunistic omnivore, which switches between feeding strategies (grazer, scavenger, 
deposit feeder and predator) according to food availability (Crothers 1968; Eriksson and 
Edlund 1977). l'he early larval stages of C. maenas feed on plankton in the water 
column and are eaten by pelagic marine predators, such. as, whiting Merlangius 
merlangus (L..) (Crothers 1968; Nagabhushanam 1964; Yam ad a 200 I), Juvetiile aild 
adult crabs have a varied .diet including algae, molluscs and polychaetes (Raffaelli et al 
1989) and are eaten by many predators including ·bass Dicentrarclws labrax (L.), and 
migratory coastal seabirds such as oystercatchers Hacmatopus ostralegus (L.) (Goss-
Custard et al 1'977). C. maenas is, therefore, a potentially important part of·estuarine 
food webs. 
All crabs seek refuge from predation. Lohrer et al (2000) experimentally removed 
shelter in mudflats and detected a significant reduction in the total number of crabs, 
which suggests that tiled areas of the mudtlat potentially increase the abundance of 
crabs in intet1idally. Also, Moksnes (2002) demonstrated that settling C. maenas 
megalopae actively chose structurally complex areas of the shore, and avoided areas of 
open sand. Crab-tiles may, in addition to providing refugia for adult crabs, act as 
nursery habitats tor settling megalopae, causing a local increase in the overall 
recruitment of crabs to an area. Consequently, this local aggregation of C. maenas may 
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impact infauna prey assemblages. Local increases in the abundance of C. maenas have 
been found to change macrobenthic assemblages (e.g. Scherer and Rei se 1981; Gee et al 
1985; Femandes et a] 1999), and cause decreases in the population size· of cultured 
Pacific oysters >(Thunberg) Crassostrea gigas (Walne and Davies 1977), mussels 
Mytilus edulis (L.) (Dare and Edwards 1976; Davies et al 1980), and hard clams 
Mercenaria mercenaria (L.) (Walne and Dean 1972). Unfortunately, many studies 
which show the importance of crabs as predators have used unrealistically high 
densities of C. maenas (e.g. Scherer and Reise 1981; Gee et al 1985; Femandes et a] 
1'999). Gee et a] ( 1985), for example, studied the River Lynher in Cornwall, but only 
stated those crab densities manipulated in the cages, and did not disclose the actual 
population densities. It appears that the general assumption was that using higher 
densities of crabs in experiments over the short tenn was a valid surrogate for lower 
representative densities over a longer tenn experiment; an assumption that clearly 
should •be ·tested. When natural population densities have been recorded elsewhere, they 
have ranged from 3-5 crabs per m2 in Gullmar fjord in Sweden (Eriksson and Edlund 
1977) to 27 crabs per m2 on the Wadden Sea flats (KI'ein Breteler 1976). These data 
cannotbe generalised and require location specific quantification and temporal/seasonal 
replication at the correct spatial scale. 
C. maenas is also known to have caused morphological changes to other species, such 
as induced thicker shells in mussel M. edulis in New England (Leonard et a] 1999) and 
shell thickness in dogwhelk Nt1cella lapillus (L.) (Cun·ey and Hughes 1982). Perhaps 
most importantly, C. maenas has been found to modify habitats through digging 
activities. For example, C. maenas has hindered .the re-establishment of seagrass 
Zostcra marina (L.) (Davis et a] 1998) and prevented the establishment of mussel M. 
edulis andl cockle Cerastoderma edulc (L.) beds, altering the habitat, so that other 
species such as algae and' tube building amphipods dominate (Menge 1983; Jensen and· 
Jensen. 1985). Nevertheless, the digging activity of C. maenas whilst foraging for prey, 
aerates the top layer of the stable often anoxic mud, creating a far more favourable 
habitat for infauna (Schratzberger and Warwick 1998} 
Dislllrbance to infauna(i·om crab-tiles and crab-tilers 
It is impor1ant to quantify what effects crabctiling activity has on intauna, as this group 
are ecologically important for a number of reasons. 'lntauna are a vital food source to 
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many coastal wading birds; they are also prey for many ecologically and commercially 
important fishes, such as, flatfish So/ea so/ea (L.) (sole), Limanda limanda (L.) (dab), 
Platichthys jlesus (L.) (flounder) and Pleuronectes platessa (L.) (plaice) which feed on 
polychaetes (e.g. Arenicola spp. and Nereis spp.), bivalves (e.g. Macoma spp.) and 
tidally active crustaceans such as Bathyporeia and Ew:vdice species (Dipper and Powell 
1984). Burrowing and feeding activity of infauna and epifauna causes mixing of the 
sediment, resulting in particle movement known as bioturbation (Cadee 1976, 
Brenchley 1981 ). Bioturbation is an important process which stimulates oxygenation of 
the sediment and causes particle erosion; this enhances the direct release of nutrients 
into the \Vater column. This is an important ecosystem function as it fuels planktonic 
primary production (Nedwell et a! 1999, Henriksen et al' 1980). Disturbance caused by 
crab-tiling, whether it be through biological interactions such as, increased predation 
from C. macnas, or the physical impacts of the presence of the tiles or the trampling 
effects caused by the crab-ti I er, may affect the behaviour and the biomass of certain 
species of in fauna. Therefore, a changed assemblage structure could affect bioturbation 
rates and ecosystem functioning. 
'fypically, anthropogenic disturbances in sedimentary systems have been found to 
significantly affect the biota, such as: scallop dredging (Currie and Parry 1996, Thrush 
et at 1995), oyster shell dredging (Connor and Simon 1979), the insertion of physical 
structures, such as boardwalks (Kelaher et al 1997) and bait collecting (McLusky et at 
1983, Olive '1993, Wynberg and Branch, 1994, 1997; Brown and Wilson 1997). 
Previously, the sustainability of bait collecting was assessed on the impact found on 
populations of the target organism. For example, the impact of digging for Arenicola 
marilra (L.) was found by Blake (1979) to be a sustainable practice due to the relative 
inefficiency of the bait diggers. The study failed, however, to record changes in 
abundance of associated species, which may also have been affected. A similar study by 
Jackson. and Jamcs ( 1979) found that digging for A. marina and Nereis diversicolor 
(Mi.illcr) caused signiticant mortalities of the cockle C. edule. After 9 days of 
disturbance, there was a clear difference in the mortality of C. edule between 'dug' and 
'un"dug' treatments. Subsequent laboratory work found that C. cdule which were buried 
just I 00 mm deep could not make it 1back to the surface and those which were exposed 
by digging were let!· on the surl~tce of the sediment, potentially vulnerable to avian 
predation and/or desiccation. Crab,tiling does not involve the over1urning of sediment, 
though the disturbance caused by trampling and the clearing of the crab-tiles of 
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sediment could expose buried fauna. 
In addition to the collection of the target organism, the effect of trampling when bait 
collecting has been shown in some cases to be more detrimental than organism removal. 
Wynberg and Branch ( 1994) studied the recovery of two species of African thalassinid 
prawn (the sand-prawn Callianassa kraussi (Stebbing), and the mudprawn Upogebia 
africana (Ortmann)), which are extensively used as fish bait in southem Africa. 
Following two types of bait collection, digging and a suction machine, the recoveries of 
both species took 18 months. The effect of trampling in addition to the bait collection, 
further increased the mortality of prawns through sediment compaction. 
Trampling can either have the effect of sediment compaction or it can produce 
thixotrophic effects (increasing the 'gloopiness' of the sediment) depending on the 
sediment type. Both can cause the soft bodied fauna that live close to the sediment 
surface to suffer direct mortality or indirect mortality, through burial (Chandrasekara 
and Frid 1996). When trampling does cause compaction of the of the sediment, 
available oxygen is decreased, which causes infaunal mortality through asphyxiation or 
displacement, due to the collapsing of burrows (Wynberg and Branch 1994; 
Chandrasekara and Frid 1996), exposing infauna to avian predation (Wynberg and 
Branch 199·1, Chandrasekara and Frid 1996). Conversely, trampling also stimulates 
bacterial activity on organic matter (Rhodes and Young 1970), making food available to 
the deposit feeding infauna (Lopez and Levinton 1987). Dead bodies of the infauna 
injured by trampling may also increase the sediment productivity (Chandrasekara and 
Frid 1996). However, this positive effect of trampling is not representative of trampling 
studies from other systems, which generally report negative effects. Increased 
trampling intensity has been directly related to: the damage of flora in terrestrial 
assemblages (Bayfield 1979, Cole 1995), the extent of disturbance of salt marsh in fauna 
in vegetated and unvegetated areas (Chandrasekara and Frid 1996), reduced densities 
and diversities of algae and sessile organisms on the rocky shore (Keough and Quinn 
1998) and to the amount of direct breakages to coral reefs and or mortality of coral 
colonies (Hawkins and Rober1s 1993). 
Previous studies suggest that crab-tiling does affect infauna assemblages (Cook et al 
2002; Lockley 200 I): Cook et al (2002) found that after six weeks of experimental crab-
tiling activity, the number of individuals of in fauna under tiles decreased from 204 to 28 
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individuals per core. Whilst both the control and the trampling treatment showed an 
initial increase in the abundance of individuals, the number also decreased after another 
month of disturbance, but not to the same extent as the crab-tile treatment. This 
indicated that it Was the tiles themselves, which caused the greatest disturbance, 
although neither treatment had a significant effect on species richness or diversity. To 
date, studies which have found crab-tiling to atTect infauna assemblages are 
unreplicated over estuaries and conducted over a small spatial scale (Cook et al 2002; 
Lockley 200 I). These studies, are unlikely to be representative of the effects of 
commercial crab-tiling that cover hectares of mudtlats/sandtlats comprising thousands 
of tiles (Crab-tile surveys 2000/1 and 2003/4), Therefore it is crucial to ensure that a 
crab-tiling experiment to detect any impact within the infauna is designed correctly and 
replicated over varying spatial and temporal scales. 
Spencer et al (1997) found that intertidal Manila spp. clam cultivation significantly 
affected infauna. For the first 6 months of cultivation related disturbance, the fauna was 
dominated by the opportunistic spionid Pygospio elegans (Claparede). After one year, 
the netting used in the cultivation was thought to have stabilizing effects in the 
sediment, which allowed' other species, such as Ampharete acuti(iw1s (Grube) and 
Tubificoides benedii (Udekem}, to become established. Unfortunately, this study was 
not spatially replicated and, therefore, findings should not be used to make 
generalisations, Oyster cultivation has also been found to cause significant decreases in 
macrofaunal abundances (Heral et al 1986; Caste! et al 1989). Conversely, however, 
other clam cultivation· studies have failed to detect significant environmental changes 
(Mojica and Nelson 1993). 
Remobilising pollutants 
Specific to soft-sediment habitats, where crab-tiling operates, is the concem that 
disturbance of the sediment might remobilise pollutants (Brina and Pollard 1999). For 
example, tributyltins (TBT) contained within paint to protect ships hulls from biological 
fouling leaches out into the marine environment. TBT causes imposex in dogwhclks N 
fapillus, and has been found to impair the burying activity of spat and juvenile bivalvcs 
Scrobicufaria plana (dil Costa), as well as reducing growth in juveniles (•Ruiz et al 
1994; Alzieu 2000). Crabctiling is most popular in estuilrics which coincidently tend to 
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be near busy shipping ports (crab-tiling survey: Black 2001, 2004), where tributyltins 
have been reported to inhibit N. lapillus breeding (Gibbs 1993 ). In Bud le Bay, 
Northumberland', a bait digging ban was lifted from the area. Following the 
recommencement of bait digging, Howell ( 1985) found that levels of lead and cadmium 
had increased in mud samples and in the nematode worm Enoplus brevis (Bastian). The 
lead concentration was five times higher than in areas where bait digging was still 
banned. 
The potential disturbances ofcrab-tiling activities to birds 
The rising number of-anthropogenic disturbances within estuaries in the UK increases 
the risk of disturbance to shorebirds (Hill et al 1997). Even though the target organism 
of crab-tiling clearly is not birds, typically foraging birds are vigilant against predation 
(Gill eta! 2001; Coleman et al 2003). Therefore, if birds perceive people as predators, it 
is possible that the presence of a crab-tiler increases the vigilance of feeding birds, 
which could, in turn, decrease the birds' feeding efficiency. To measure this 
disturbance, bird research has been divided into two components: whether the 
disturbance causes birds to avoid certain feeding areas that they would otherwise use, or 
whether the disturbance affects the ;birds' mm1ality, reproductive success or population 
size (Gill et al 200 I; West et al 2002), which are the most useful parameters for 
conservation managers (e,g. Gill et al 1996). 
To measure whether birds are disturbed by the presence of people, a number of 
sunogates have been used' such as: minimal approach distance (MAD, Pierce et al 1993; 
Boer and Longamane 1996), bird feeding rate (Urfi et. al 1996) and bird numbers in 
relation to available resources and risk of disturbance (Gill et al 1996). 
The MAD is the distance that a disturber can approach a bird .before it flies way. Hoer 
and Longamane ( 1996) found a positive con-elation between the MAD of shorebirds in 
Mozambique and the number of people disturbing them, which is supported by the 
perceived predation risk model (Heale and Monaghan 2004). This is not a serious 
consideration for the quantification of disturbance by crab-tilers because they generally 
work alone and it is unlikely that they would directly approach specific foraging birds, 
as they would be servicing their tiles, walking slowly ·between each crab-tile (Goss-
Custard and Yerboven 1993). Also, Urti et al (1996) detected using MAID that birds 
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habituated to frequent disturbance; crab-tilers frequently service ,their tiles, and 
therefore birds may habituate to them. 
It was hypothesised that disturbed feeding oystercatchers would ,increase their feeding 
rate to compensate for the disturbance; however, Urfi et al (11996) obse1ved ,that the 
birds just increased their feeding time. vhis would suggest that even if crab-tilers do 
disturb feeding birds, then ,this loss of feeding time can be compensated'. Birds can also 
feed at night depending on the time of low tide (Goss-Custard and Verboven 1993; 
Zwa11s et al 1990) or during high tide (Velasquez et al 19911). Nevertheless, feeding is 
not the only necessary activity that birds have to carry out e.g. preening and fighting to 
increase their dominance rank (Ens and Goss-Custard 1984). 
Gill et al (200 I) found no evidence that human presence reduced the number of feeding 
black tailed godwits Limosa limosa (L) over a number oF spatial scales within estuaries 
on the east coast of England. Similarly, in south west England, there was no evidence to 
suggest that the increased levels of disturbance on the Exe Estuary affected ,the total 
number of oystercatchers (Goss-Custard and Verboven 1993 ). Goss-Custard and 
Verboven ( 1993) concluded that the disturbance caused by crab-tilers to birds is 
negligible because of the small number of people, which are well dispersed over the 
mudtlat. They observed' that the birds, which took flight due to disturbance, nonnally 
tlew only a shmt distance and then resumed feeding. Gill et al (200 I), however, 
suggested birds which do not tly away may be most at risk to starvation. Birds which fly 
away can afford a higher perceived perception risk (Stillman and Goss-Custard 2002), 
as they can afford ,to compensate for the lost feeding time, whereas birds which do not 
fly ,in the presence of a predator, may have a lower perceived perception risk and cannot 
afford to lose time spent feeding time; a behaviour which could increase the chance of 
an individual being predated on. 
It must be remembered that ,the impacts of crab-tiling are additional to those of other 
activities present in estuaries, such as anglers, bait diggers, dog walkers, etc. However, 
mudflats are prefened by feeding birds to sandy areas (Goss-Custard and Verboven 
],993), and arc mostly only used by crab-tilers; other estuarine users tend to prefer 
sandtlats rather than mudtlats, therel(xe, feeding birds are likely to be relatively 
undisturbed (Goss-Custard and Verboven 1993) by the crab lilers. They could, however, 
be disturbed· by the presence of •the ,tiles. There are few studies that can be related to 
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how the presence of tiles in the intertidal may disturb feeding birds. Hilgerloh et al 
(200 I) observed that the number of birds in Cork Harbour around oyster trestles was 
significantly lower than on bare mud. However, this was only a preliminary study and 
was neither spatially nor temporally replicated. Unlike oyster trestles, crab-tiles do 
fonn pools of water that could potentially fill with rreshwater in the 1ight weather 
conditions, which birds could use as drinking water and for preening. Ravenscroft and 
Beardall (2003) found higher numbers of birds near freshwater outfalls than the number 
of birds fm1her away. lt is also possible that some birds e.g. the little egret Egret/a 
garzella (L.) use the pools fonned by the tiles to fish for gobies Pomatoschistus spp. 
trapped there (pers. obs.), or feed on the epifauna which colonise the crab-tiles. l'hese 
altemative prey sources, which are present as a consequence of crab-tiles, may 
compensate for the potential decrease in infaunal prey species, which could be less 
abundant as a result of crab-tiling trampling activity. 
The potential disturbances affecting mobile fauna during high tide 
Crabctiles give structure to a typically homogenous environment (Godden 1995, Russell 
1999, Ley 2000). The amount of anthropogenic structures buih in estuaries is 
increasing, such as pontoons, seawalls, fishing gear, etc, which is increasing the amount 
of hard substratum available (Glasby and Connell 1999). Animal disllibution and 
behaviour are atlected by changes in the geometry and stmcture oftheir environment 
(Jacobus and Webb 2005). Letoumeaur et al (2003) found that benthic habitat use in the 
Mediterranean was clearly non-random and that habitat characteristics have significant 
effects on the tish assemblages at a small spatial scale. Therefore, the response of 
organisms to changes in the amount of stmcture in estuaries needs to be studied as a 
change in their distribution could have effects on the patchiness of their prey and their 
predator species. 
Artificial structures in the marine environment have been found to have wide-ranging 
effects on the suJTounding fauna. Whilst artificial reefs were found to reduce species 
diversity and abundances of tishes in the Bahamas (Can and Hixon 1997) and molluscs 
in Italy (Badalmnenti et al 2002) relative to surrounding areas .of natural habitat, species 
diversity and individual abundance were found to be greater next to other man-made 
structures, such as jetties, compared to areas of natural reef (Rilov and Benayahu 2000) 
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and next to floating fish cages compared to open control areas (Dempster et al' 2002). 
Some studies have found that artificial structures did not affect species richness, but 
boosted the abundance of individuals found in an area. For example, fish abundances 
were greater near the wind turbines off the south eastern coast of Sweden, whilst species 
richness was similar between the turbines and the sun-ounding areas (Wilhelmsson et al 
2006a). On a smaller scale, Wilhelmsson et al (2006b) set up PVC pipes on mudflats 
which resemble the scale of crabctiles more than any other study investigated so far. 
llhey found that these structures increased fish abundance, ;but not diversity; however, 
diversity did increase with. time, therefore the point at which diversity is measured may 
1be paramount. In contrast, Lingo aild Szedimayer (2006) found that habitat complexity 
increased reef fish species:diversity, but not overall abundances. 
Colonization of crab-tiles 
Similarly to artificial reefs, crab-tiling introduces .hard substrata into a predominantly 
soft substmte system. Previous studies on crab-tiling observed that crab-tiles provide 
substrata for species typically found on the rocky shore, such as Elminius modes/us 
{Darwin). Littorina lillorea (L.), Gibbula spp. (Cook et al• 2002), Gracilaria vermcosa 
(Hudson), Apoglossum ruscifolium (Turner). Palmaria palmala (L.) and VIva spp. 
attached to the surface of the tiles, and Bollyllus schlosseJCi Wallas) colonies and 
juvenile As ferias mbens (L.) on the underside of the tiles (Lockley 200 I). The first 
colonization ot: epifauna to the tiles was observed five weeks after the tiles were 
deployed. After that time a positive cmTelation was observed between the percentage 
cover of epifauna and; time (Cook et al 2002). 
Aims of thesis 
The overall ann of this study was to provide research towards understanding the 
potential ecological impacts of crab-tiling, the results of whic:h will inform 
environmental managers how crab-tiling is affecting the estuarine ecosystem. In 2000 




"An ecosystem approach ts based on the application of appropriate scientific 
methodologies focused on levels of biological organization, which encompasses the 
essential structure, processes, functions and interactions among organisms and their 
environment. lt recognizes that humans, with their cultural diversity, are an integral 
component of many ecosystems". 
This suggests that crab-tilers are an integral part of the estuarine ecosystem, and 
therefore efforts should be made by environmental managers to allow crab-tiling to 
continue if it is possible in an ecologically sustainable manner. It is, therefore, necessary 
.to understand how crab-tiling affects biodiversity, behaviour of organisms and the 
environment, in order to make links between .these variables to understand how the 
impact of crab-tiling may affect ecosystem processes and services (Chapin et al 2000; 
Diaz and Cabido 2001; Loreau et al 2002). Based on the literature reviewed, which 
shows the levels of biological organisation that are likely to be most affected by crab-
tiling, this thesis will be organised into six chapters. To address these issues in a holistic 
manner: 
Chapter 2 investigates whether crab-tiling has an effect on C. maenas populations in 
estuaries, using the response variables abundance, relative size composition, and sex 
ratios. This invob;ed a large scale sampling survey across Devon and Cornwall to 
compare populations of crabs in estuaries which were commercially crab-tiled, to those 
which were not. 
Chapter 3 is concerned with testing the null hypotheses that crab-tiling has no effect on 
the infauna assemblages or the properties of sedimentary environment where tiles are 
laid. Using manipulative experiments, a design was created not only to measure the 
potential effects of crab-tiling, but also to detect the mechanisms which were most 
responsible for any disturbances detected. 
Chapter 4 quantifies how crab-tiles atTect the distribution of birds in estuaries, and then 
explores the effect that crabctiles have on the feeding behaviour of wadii1g shorebirds. 
Chapter 5 uses underwater cameras to assess whether crab-tiles change the distribution 
and behaviour of mobile fauna during high tide. 
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Chapter 6 is a general discussion where the findings of this thesis are summarised, and 






Chapter 2 : The effect of crab-tiling on the population 
structure of Carcinus maenas in estuaries. 
Introduction 
Carcinus maenas (L.) (Qecapoda, Portunidae) is the target species of a crab-fishery 
called crab-tiling. Crab-tilers lay hard, stable structures, such as pieces of half round 
guttering, car tyres and roof tiles on intertidal n~udflats or sand flats in estuaries. These 
provide a refuge for crabs which are in a stage of pre-eedysis. Crabs which are in this 
moulting stage arc known within the angling community as 'peeler crab' and make 
excellent bait for bass Dicenti·ac/ms labrax (L.) and other species of fish. Crabs reside 
under tiles throughout their moult cycle; however it is only peeler crabs which are 
collected for sale to bait shops. 
In south west England the number of crab-tiles laid for commercial sale of 'peeler crab' 
has increased rapidly in the last decade (Black 2004, Smye pers.commJ The mild 
climate in south-west England allows crabs to moult all year round (moulting threshold 
2: 8 degrees centigrade, Crothers 196:;'), which is the reason for this regional expansion. 
At higher latitudes, crabs will only moult over the summer months; therefore, crab-tilers 
can only operate for half of the year (Russell 1999). 
C. maenas is an opportunistic ommvore which switches between feeding strategies 
(grazer, scavenger, deposit feeder and predator) .according to food availability (Crothers 
1968; Eriksson and Edlund 197:;'). The early larval stages of C. maenas feed on 
plankton in the water column and are eaten by pclagic marine predators such as whiting 
A1erlangius merlangus (L.) (Crothers 1968; N agabhushanam 1964; Yamada 200 I). 
Juvenile and adult crabs have a varied diet including algae, molluscs and polychaetes 
(Raffaelli et al 1989) and are preyed upon by many predators including ·bass D. labrax, 
and migratory coastal seabirds such as oystercatchers Haemal opus ostralegu.1· (:L.) 
(Goss-Custard et al 197n C. mae1ws therefore tills an important and diverse niche in 
estuarine ecosystems. 
Crab-tiling removes over I million crabs a year from estuaries 111 England (Fowler 
1998; Black 2004). Little is known, however, about the overall intluence of crab-tiling 
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on crab populations or the community structure of estuaries. Hence government bodies 
and conservation groups such as Countryside Council for Wales (CCW), Natural 
England, Devon Sea Fisheries Committee (DSFC) and Devon Wildlife Trust (DWT) 
have only recently attempted to regulate this commercial fishery. Fisheries legislation 
does not encompass. crab-tiling (see Chapter I), hence local byelaws are being created 
which will be enforced by DSFC. To date, the only byelaw which has been introduced 
is in the Exe Estuary, which gives DSFC power to regulate the number and location of 
crab-tiles in the estuary. 
Despite this legislation. being enforced, no research has been done on the effect of crab-
tiling on the populations of C. maenas in estuaries. There are two mechanisms by which 
crab-tiling could affect crab-populations (for effects on other species within estuaries 
see Chapters 3, 4 and 5), Hypotheses relating to these mechanisms are contrary to each 
other. The first mechanism is the effect of the selective removal of crabs from crab-tiles. 
Crab-tilers only remove those crabs which are in a state of pre-ecdysis 'peeler crab', 
which are over 40 mm carapace width (CW) and which are not brooding eggs 'beiTied 
females'. Qualifying crabs usually represent about I 0 % of the crabs residing under 
crab-tiles (pers. obs., Smye pers. comm.). llhe removal of crabs from tiles could 
therefore reduce the C. maenas population, 
The second mechanism is the increased abundance of crabs from the introduction of 
crab-tiles in estuaries. Crab-tiles increase the structural complexity of typically 
homogenous soft sediment shoreline; therefore providing increased habitat. Increased 
habitat complexity otlen reduces physiological stress e.g. heat, desiccation, freezing 
(Peterson 1991 ); and provides refuge from terrestrial and avian predation during low 
tide, and from fish and invertebrate marine predators during high tide ('Lohrer et al 
2000; Kl'ein-Bretler 1'976; Peterson 1991; Moksnes et a! 1998). Crab-tiles also provide 
substrate tor settlement of potential prey species (Cook et al 2002; Lockley 200 I) and 
potentially for the larval settling stages of C. maenas. Moksnes (2002) found that larvae 
prefer to settle in areas of more complex habitat than mudtlat. The availability of 
suitable rcfugia has been found to affect the density and size structure of populations of 
marine organisms (Wahle and Steneck 1991, Hixon and Beets 1993, Shervctte et al 
2004} Lohrer et al (2000) experimentally removed shelter in mudtlats and detected a 
significant reduction in the total number of crabs. 
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Crab-tilers have complained that the increased number of crab-tiles and crab-tilers in 
estuaries has causedi a decrease in their catch. This anecdotal evidence suggests .that the 
first mechanism was negating the effects of the second mechanism. This study ,therefore 
examined the hypotheses that: 
H1 Tiled estuaries have a lower abundance of crabs (relative abundance -per-unit 
effort) compared to not-tiled estuaries 
H2 Tiled estuaries have a lower total biomass of C. maenas than not-tiled estuaries 
Due to the selective nature of this fishery it was also expected that crab-tiling would 
•have an effect on the sex ratio and on the size frequency of crabs in estuaries. 
Consequently the null hypotheses were tested that: 
H11 Tiled estuaries have propOI'tional(v similar numbers o.f'.female crabs as not-tiled 
estiwries 
I-fo The size distribution of C. maenas .populations is similar between tiled and not-tiled 
estuaries 
Material and methods 
Stud)' site and experimental design 
Six estuaries ·in south-west England were selected .(>Figure 2.1 ): three estuaries where 
commercial crabctiling takes ,place and three estuaries which have very few or no crab-
tiles (Black 2004). Estuaries which were not-tiled have remained unexploited by crab-
tilers due to limited access and/or because landowners have not granted permission for 
nccess: not 'becnuse of n lnck of C. maenas (Tim Robbins, DSFC pers. comm,). 
Tihrec control estuaries were approximately paired by size to three treatment estuaries. 
The size of each estuary is not considered formally in any part of this study as it wns 
impossible to replicate due to. the lack of similarly sized tiled nnd control estuaries. Size 
of estuary wns informally considered to ensure that estuary size among tiled and control 
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estuaries, was not a confounding effect. 
The three control estuaries were: Yealm (small) (50" 19 N, 4" 02 W), Fowey (medium) 
(50" 21 N, 4" 38 W) and Salcombe (large) (50" 14 N, J" 44 W) (Salcombe has extremely 
low freshwater input and so is more akin to a marine inlet than an estuary, but is still a 
enclosed, tidal water body, which crab-tilers would exploit if pennission was granted, 
Nigel Mortimer- Salcombe conservation officer). The three treatment estuaries were: 
Plym (small) (50" 22 N, 4" 05 W), Teign (medium) (50" 32 N, 3" 33 W) and Exe (large) 
(50° 37 N, 3" 25 W). The average spring tidal range in this area is of the order of 5.2 
metres, covering mudtlats and or sandtlats at high tide. Data were collected during neap 
tides in two sampling seasons: October-November 2004 and May-July 2005. Sampling 
seasons will be referred to as 'autumn' and 'late spring' respectively. Sampling seasons 
were specifically selected to represent two times of the year when both males and 
females were likely to be present and active in the population but also when water 
temperature would be most different (Naylor 1962; Crothers 1968; Atkinson and 
Parsons 1973; Wheatly 1981). If sampling was conducted in winter then many of the 
females may have lcti the estuary to spawn (Crothers 1968). These times were expected 
to show different crab abundances due to the recruitment of juvenile crabs to the 
population and the etfect of the crab-tilers during peak crab moulting months following 










Site Site 1 
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SO km 3. 5. Teign 
6. Exe 
Not Tiled Tiled 
Autumn Late spring Autumn Late spring 
Medium Large 
Site 2 
Figure 2.1 a) Location of estuaries sampled in England. b) Schematic diagram of the experimental 
design used to compare crabs in 'not-tiled estuaries' with crabs in ' tiled estuaries'. Eight replica te 
nets were used to sample crabs at each site. 
Within each sampling sea on each estuary was sampled during a daytime neap high 
tide. It was important to ensure that these variables were considered in order to 
minimise potential confounding effects of tide (Hunter and aylor 1993 ; Wannan et al 
1993; Crothers 1968); diumal activi ty pattems (Aagaard et al 1995; Naylor 1958) and 
lunar cycles (Aagaard et al 1995) on crab activity. Within each estuary two sites were 
chosen based on the fo llowing criteria: I. Mid-estuary, 2. Approx imately 2 metres deep 
during high tide, and 3. Away from existing crab- tiles or other physical structures such 
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as, moorings or boardwalks, which may cause crabs to aggregate (Lohrer et al 2000; 
Kelaher et al 1997). For clarity, when treatment sites are referred to as 'tiled sites', this 
means that the sites are within estuaries which were tiled, but the sites themselves were 
not tiled. 
Four drop nets (drop net = 80cm diameter, O.Scm mesh size) were laid linearly, 
perpendicular to the shore and 20 metres apa11 at each site. This was repeated at each 
site as quickly as was logistically possible in order to gain 8 replicate nets, but so as not 
to be affected by the previous sampling event. Due to the limited time of slack water it 
was not possible to deplpy and retrieve all eight replicate nets on one day, at each site. 
Each net was baited with two small freshly defrosted squid (Loligo opalescens Berry.), 
deployed and left in place for IS minutes. Crabs were collected, sexed, measured 
(maximum carapace width CW) and retumed to the estuary. A representative sample of 
crabs which were caught from 3 estuaries (Fowey, Plym and Teign) was kept to be used 
for carapace width/dry weight regression analysis. Any other species caught which were 
not C. maenas were retumed. Moult stage would have been noted; however due to the 
nature of the drop nets, only actively feeding, hard crabs were caught (Crothers 1968). 
At each site, after the nets were deployed, the location was noted using a handheld GPS 
unit (Magellan Meridian). Salinity and temperature were also nieasured as these are the 
two most frequently reported abiotic factors that arc known to intluence C. maenas 
distribution (Crothers 1968; Attrill et al 1999; Aagaard et al 1995; Dries and Adelung 
1982). Measurements were recorded using a YSI Model 30 handheld salinity, 
conductivity and temperature system. 
Data analvses 
Abundance: A four-factor ANOV A, followed by post hoc Student Newman-Keuls 
(SNK) comparisons was used to test the hypothesis relating to crab abundance. 
'Treatment' had two levels (not-tiled and tiled), 'sampling season' which also had two 
levels (autumn and late spring) were both orthogonal and fixed. lihc two remaining 
factors were both nested and random. ·Estuary' had three levels (three di ffcrent 
estuaries, nested within treatment), and 'site' had two levels (site I and site 2, nested in 
'estuary' and 'treatment'). Each 'site' had eight replicate drop nets. The assumption of 
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homogeneity of variance was tested with Cochran's C tesi. Data which could not be 
transformed for heteroscedasticity were analyzed untransformed as ANOV A is robust to 
heterogeneous data from relatively large, balanced experimental designs (Underwood 
1997). 
All analyses of variance followed this statistical approach and were perfonm:d usmg 
GMA V5 software unless otherwise stated. 
Size: A Kolmogorov-Smirnov Approximate test for two frequency distributions (large 
sample sizes) was used (Sokal and Rohlf 1995) to test the null hypoihesis of no 
difference between size frequency distributions between treatments. Carapace width 
measurements were arbitrarily separated into I 0 mm size classes (e.g. 20 m in = 20-29 
mm, 30 mm = 30-39 etc.). 
Specific patterns in the abundance of different size categories were then examined using 
ANOV A. Three separate analyses were usedl to test the following hypotheses that 
compared ·to tiled estum,ies, not-.tiled estuaries have: 
H3 relative!v more juvenile and young crabs <40 111111 in the population 
!-!4 relativelv fewer mean sized crabs 40-59 mm 
f-15 relativelv.fc'wer maximum sized crabs than tiled estuaries 60+ mm 
There were not suflicient crabs caught in each net (>4 of each size.class) at every site to 
conduct a proportional analysis of the thi·ee size categories. Therefore nets were 
combined and 'sites' became the replicate. There were only 2 'sites' in each estuary 
therefore 'estuary' was dropped from the original design in order to keep a balanced· 
design with a sensible number of replicates. The relati.ve proportion of each size class 
was calCulated .by dividing the number of crabs in that size class by the total number of 
crabs in a site. 
Proportion of females: The :hypothesis that there \vould be relatively more female C. 
maenas in tiled estu::n;ies than not-tiled estuaries was examined following the same 
experimental design as above ti.l!· the size class ANOV A . The proportion of the females 
in each site was detennined by dividing the total number of females by the "total numbe1' 
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of crabs for each site. 
Biomass: In order to provide an equation to convert the carapace width measurement 
into dry weight for biomass production estimates, 150 varied sized crabs of both males 
and females were taken from three estuaries (50 crabs from each estuary). Crabs were 
then dried for 24 hours at 60 degrees centigrade, measured (carapace width CW) and 
weighed (dry weight DW). Before these data were combined for the regression analysis, 
crab CW:DW ratios were compared between estuaries for each sampling season using a 
)-factor ANOV A. It was necessary to use two separate ANOV As as 'season' could not 
be fonnally compared because of misrepresentative data from the Fowey in autumn. A 
disproportionate number of small vs large crabs were collected which falsely skewed 
the relationship between CW and DW. The factor 'Estuary' was a random factor with 
two levels for the first sampling season (Teign and Plym) and three levels for the second 
sampling season (Teign, Fowey and Plym). Regression equations from the 
corresponding sampling season were then used to estimate the dry weight for each crab 
measured in the field in this study. 
Results 
Three species of crab were caught: tWo Brachyara: shore crab C. maenas and spider 
crab Maja squinado (L.), and one Anomura: the hem1it crab Pagurus bernhardus (L.). 
The common cockle Cerastoderma edule (L.), prawns and shrimps Palaemon serratus 
(Pennant), and' Crangon crangon (L.), and common goby Pomatoschistus microps 
(Kroyer) were also caught. 
The abiotic environment 
As expected, temperature was consistently lower during late sp1ing compared to autumn 
sampling (Table 2.1 ). In autumn the mean temperature ranged from 13.5°C in the Teign 
to 14.7°C in the Exe. In late spring the mean temperature ranged ti·om 10.9~C in the 
Teign to 13XC in the :Piym. Salinity remained relatively constant within estuaries 
between 'sampling seasons'. The Salcombe estuary is technically a ria, though the 
temperature and salinity was fairly similar to the other estuaries, the salinity of the Plym 
and the Teign was more vmiable. 
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Table 2.1. Temperature (mean± SD) and Salinity (mean ± SD) in estuaries. NT=Not-tiled, T=Tiled. 
Temperature ·c Salinity 
Estuary Autumn Late spring Autumn Late spring 
Yealm (NT) 14.25 ± 0.13 12.13 ± 0:92 33.48 ± 0.64 32.73 + 4.21 
Fowey (NT) 14.55 ± 0.83 11 ±:0.77 33.48 ± ~ .36 33.03 ± 1.67 
Salcombe (NT) 14.55 ± 0.26 12.83 ± 0.60 34.63 ± 0.21 34.67 ± 2.27 
Plym (T) 14.03 ± 0.10 13.3 ± 0:97 27.55 ± 5.10 28.73 ± 1.01 
Teign (T) 13.05 ± 0.17 10.9 ± 0.23 33.03 ± 0.38 22.16±0.76 
Exe(T 14.7 ± 0.72 12.1±1.96 34.28 ± 0.30 34.65 ± 3.46 
Abundance 
A total of 4672 individual C. maenas were sexed and measured. The hypothesis that 
crab-tiled estuaries had significantly fewer crabs (per unit effort catch) than not-tiled 
estuaries was rejected. Tiled estuaries had a signi ticantly greater abundance of crabs 
(Table 2,2, Figure 2.2). Lower level interactions were detected between the tcnns: 
Sampling season X Estuary (Tiled) and Sitc·(Tilcd X Estuary). The interaction between 
'Sampling season X Estuary (Tiled)' shows that whilst there was no signilicant 
differences in crab abmidancc between estuaries within seasons or within estuaries 
between seasons for 'not-tiled' estuaries, there was some variation between the tiled 
estuaries within seasons and within tiled estuaries between seasons (Figure 2,2). The 
interaction 'Site (Tiled X Estuary)' showed that that there was variation of crab 
abundance between sites within estuaries in tiled estuaries, whilst site variation of crab 
abundance wiihin not-tiled estuaries was less (Table 2.2, Figure 2.3). These interactions 
were only significant within the 'tiled' factor; therefore the main effect 'tiled' was 
interpreted. Most variation was explained· by the presence/absence of tiles, 'tiled', 
which had a mean square an order of magnitude greater than any other factor, and a 
signilicant p value <0.02 (Table 2.2, Figure 2.4). 
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The control estuaries; in size order, the Yealm, the Fowey and the Salcombe supported 
7.5%, 4.8% and 6.4% of the total crabs caught respectively, whilst the number of crabs 
caught in the Plym, the "feign and the Exe represented respectively 28.9%, 35.9% and 
17.6% of the total crabs caught throughout the experiment. This suggests that the size of 
the estuary did not affect the number of crabs caught per unit effort. 
Table 2.2. Analysis of variance to lest the abundance'of crabs between· not-tiled and tiled estuaries. 
Factors were 'tiled' (Not-tiled and tiled), 'Sampling season' (Autumn and Late spring), 'Estuary' 
(three estuaries for each treatpJent), and 'Site'(2 in each estuary) with 8 replicates. C = 0.2738 (P < 
0.01). 
Source of variation df MS F p F versus 
liiled Tld 45448.52 16:44 <0:02 Es(Tid) 
Sampling season Se 21.33 0:01· 0.94 Se X Es(Tid) 
Estuary Es (Tid) 4 2765.08 0!9 0.52 Si(Tid X Es) 
Site Si (Tid X Es) 6 3075.95 11.96 <0.001 Residual 
Tld X Se 841.69 0,27 0.63 Se X Es(Tid) 
Se X Es (Tid) 4 3075.17 6,17 <0:03 Se XSi(TidX Es) 
Se X Si (Tid X Es) 6 498.16 1.94 0.08 Residual 
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Figu•·e 2.2 Varia tion of mean crab abundance (+SE) for the interaction term Season X Estuary 
(Tiled) (sec Table 2.2). Not-tiled estuaries: Y= Yealm, F= Fowey, S= Salcombe; Ti led es tuaries: 
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Figure 2.3 Variation of mea n crab abundance (+SE) for the interaction term Site (Tiled X Estuary) 






































Figure 2.4 Mean abundance of crabs (+SE) between not-tiled and tiled estuaries. (see Table 2.2). * 
= SNK p < 0.05. 
Size_fi-equency 
Crab carapace widths ranged from 14 mm to 74 mm for females and fro m 9 mm to 80 
mm for males. The modal size class in not-ti led estuaries was 30 mm whilst modal s ize 
class in ti led estuaries was 20 mm. The size frequency of crabs caught in not-tiled 
estuaries and crabs caught in tiled estuaries both exhibi ted bell-shaped distributions but 
were significantly different from each other (Kolmogorov-S mirnov Approximate test 
for two frequency distJibutions (l arge sample sizes), D=O. l 06 >> D.01 =0.06 1, P < 0.0 I) 
(Sokal and Rohl f 1995) (Figure 2.5). For each s ize class (apart from the largest ~ 60 
mm), tiled estuaries had fa r greater numbers of crabs than not-tiled estuaries. The 
greatest difference observed was for the 30 mm category. Over the duration of the 
ex periment there were at least six times more 30 mm size class crabs, four times as 
many 40 mm size class crabs and 50 mm size class crabs caught in ti led estumi es 
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compared to not-tiled estuaries. Unfortunately there were very few crabs caught in the 
extreme size classes for all estuaries; however, of the largest crabs (2: 60mm), 58.8% 
were caught in the not-tiled estuaries. Of the smallest crabs (1 0-19 mm), 86.5% were 
caught in the tiled estua1i es (Figure 2.5). 
In autumn there were proportionally more small crabs in tiled estuaries than in not-ti led 
estuaries, whilst in late spring there was no significant difference. Medium sized crabs 
were proportionally more abundant in not-tiled estuaries in autumn and in tiled estuaries 
in late spring whilst large crabs were proportionally more abundant in not-tiled estuaries 
in both sampling seasons, although this trend was only significant in autumn (Table 2.3, 
Table 2.4). 
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Size Class (mm) 
Figure 2.5 Size frequency distribution of crabs in a) not-tiled and b) tiled estual'ies (Kolmogorov-
Smjruov Approrimate test for two frequency distributions (la rge sa mple sizes), D=O.l 06 >> 
0 .01 =0.061 , P < 0.01 ) Size classes: 10 = 10-19 mm, 20 = 20-29 mm, 30 = 30-39 mm, 40 = 40-49 mm, 
50 = 50-59 mm, 60 = 60-69 mm, 70= 70-79 mm. 
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Table 2.3. Relative proportional differ ences between a) Small size class crabs <40mm (C = 0.3802 
ns), b) 40-59mm (C = 0.3343 ns), c) 60+mm (C = 0.7106 p < 0.01), between crabs caught in not-tiled 
estuaries to crabs caught in tiled estuaries. All data are Arc sin (proportional) transformed. 
a} Small <40 mm 
Source of variation df MS F p 
Tiled Tld 1 257 . 59 2 . 04 0 . 17 
Sampling season Se 1 563 . 08 4 . 4 5 <0 .05 
Tld X Se 1 441.92 3 . 4 9 0 . 08 
Residual 20 126 . 56 
Total 23 
b} Medium 40-59 mm 
Sour ce of variation df MS F p 
Tiled Tld 1 1. 99 0 . 03 0 . 88 
Sampling season Se l 85 . 33 1. 08 0 . 31 
Tld X Se 1 832 . 38 10 . 57 <0 . 005 
Residual 20 78 . 75 
Total 23 
c} Large 60+ mm 
Source of variation df MS F p 
Ti l ed Tld 1 431 . 92 5 . 76 < 0.03 
Sampling season Se 1 401 . 1 9 5 . 35 < 0 . 04 
Tl d X Se 1 40 . 15 0 . 54 0 . 4 7 
Residual 20 75 . 01 
To tal 23 
T able 2.4. Results of SNK tests based on the analysis in Table 2.3. Season: 1 = Autumn, 2 = Late 
spring. Tiled: NT = Not-tiled, T = tiled. 
Comparisons of rela1ive s ize o f s ize classes be1ween treatments 
Season Size T iled Significance 
Sml NT<T ** 
2 Sml T <NT ns 
M eel T <NT ** 
2 Med NT<T ** 
Lge T<NT ns 




In total 2086 male crabs and 2586 female crabs were caught. There Was no significant 
difference between the proportion of female crabs between not-tiled and tiled estuaries 
(Table 2.5). In autumn, females represented approximately half of the population in not-
tiled sites and tiled sites (tiled: mean 0.5 SE 0.05; not-tiled: mean 0.5 SE o.on In late 
spring, females only represented 38 % of the population in sites in not-tiled estuaries 
whilst 58% of crabs in sites from tiled estuaries were females (Not-tiled: mean 0.38 SE 
0.7; Tiled: mean 0.58 SE 0.04); however this effect was not significant (Figure 2.6). 
Crab-tiling therefore, had no significant effect on C. maenas sex ratios. 
Table 2:5. Analysis of variance to test ·the proportion of female C llltlelltts in crab potmlations, 
between tiled estuaries and not-tiled estuaries. Data were ArcSiu (proportion) transformed. C = 
0.3545 liS. 
Source of variation DJ MS F p 
Tiled Tld 0.06 2.84 0.11 
Smnpling season Se 0.004 0.22 0.65 
Tld X Se 0.07 3.20 0.09 
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Figure 2.6 Mean (+ SE) abundance of male crabs and female crabs between not-tiled and tiled 
estuaries. N = 6 sites. 
Biomass 
There was no significant difference between estuaries for CW:DW of crabs taken in 
autumn or those collected in late sp1ing (Table 2.6; Figure 2.7). This allowed data from 
estumies within sampling season to be combined to produce the following regression 
equations. CW:DW conversions: 
Autumn: y = 0.2465e 0·7052'\ n = 150, R2 = 0.8958 
Late spring: y = 0.4073e 0·564\ R2 = 0.8228 
Using these regression equations it was estimated that ti led estua1ies supported 76. 1% 
of the total biomass of crabs collected throughout this study (Figure 2.8). 
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Table 2.6 ANOV A of CW/DW ra tios between r eplicate estuaries. a) Autumn, 2 estuaries, not 
transformed C = 0.52 ns, b) late spring, 3 estuaries Log transformed (Ln (X)) C = 0.45 ns 
a) Autumn, 2 estuaries b) Late spring, 3 estuaries 
Source of variation df MS F df MS F 
Estuary 1 0.3612 1.62 0.2067 2 0.0371 0.18 0.8319 
Residual 98 0.2235 147 0.2016 
Total 99 149 
a) Autumn 
30 
25 y = 0.2465e0.7052x 
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Figure 2.8 Mean dry weight (g) of crabs (+SE) caught in each estuary throughout the experiment 
(16 drop nets per sampling season). Weight of each crab was estimated based on the following 





Crab-tiling had a significant effect on populations of C. maenas. ln total , there were 
63% more crabs in tiled estuaries compared to not-tiled estuaries. The insertion of 
artificial refugia for crabs appears to have led to a four-fold increase in the number of 
crabs in tiled estuaries, despite the removal of crabs by crab-tilers (Figure 2.4). The 
selective nature of the crab-tiling fi shery has, however, caused a reduction in the mean 
size of the crabs, as well as a bias towards females in the population, though the latter 




Fishing activity None 
Effect on crabs 
~ Female 
i~ Male 
Crab population: natural state 
Tiled 
Modified = t Settlement? 
t Protection from predation? 
t Localised food supply? 
Size and sex biased removal of crabs 
t Increased crab abundance 
t Decrease in mean size 
t Increase of female proportion in the population 
Figure 2.9 Conceptual model of the effects of crab-tiling on C. maenas in estuaries 
Effects on abundance and biomass 
Total biomass of C. maenas in tiled estuaries was over four times greater than estuaries 
which were not-tiled. Fisheries are typicall y responsible for the depletion of the target 
species (Pau ly et al1 998; Haedrich and Barnes 1997; Jennings el al2001). However, 
contrary to previous concerns that crab-tiling had dramatically reduced numbers of C. 
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maenas in estuaries, this study clearly demonstrated the opposite effect. This suggests 
that despite the removal of crabs from estuaries, the consequences ofhabitat provision 
had a far greater effect. 
The presence of C. maenas has been found to have idiosyncratic effect on other fauna in 
estuaries. There is a lack however, of publications showing no effect of C. maenas on 
other fauna, which could be a function of the lack of published papers demonstrating a 
null result (81'owman 1999). C. maenas has already proven to cause adverse effects in 
Europe where C. maenas is native, and in locations where this species is introdUced. 
Studies conducted' where C. maenas is native have shown that this crab can cause 
significant decreases in: cultured Pacific oysters Crassostrea gigas (Thunberg) (Walne 
and Davies 1977), mussels Mvtilus edulis (L.) (Dare and Edwards 1976; Davies et al 
1980), hard clams /11ercenaria mercenaria (L.) (Walne and Dean 1972) and cause 
changes to macrobenthic assemblages (Scherer and Reise 1981; Gee et al 1985; 
Femandes et al 1999). In locations where C. maenas is an invasive species it has been 
found to: hinder the re-establishment of Zostera marina (L.) as a consequence of the 
crabs' digging activities (Oavis cl al 1998); prevent the establishment of mussel and 
cockle beds and therefore change the habitat so that other species such as algae and tube 
building amphipods dominate (Menge 1983; Jensen and Jcnsen 1985) and to decrease 
abundances of native species of clams Nutricola tantilla (Gould·), Nutricola con/itsa 
(Gray) and a native shore crab Hemigrapsus oregonensis (•Dana) (Grosholz et al 2000). 
Sometimes negative etlccls caused by the presence of C. maenas on one species have 
been coupled with positive effects towards .another species, •For example gammaridean 
amphipods (Eolwustorius spp., Parapho.ms spp.) declined in the presence of C. 
maenas, whilst the abundance of two polychaete taxa Lumbrineris spp. and Exogene 
spp., and a tanaid Leptuchelia duhia (Kroyer) increased. These increases were attributed 
to strong top-down control from C. maenas, which removed co-occu1Ting potential 
competitors and predators of the polychaetcs and the tanaid (Grosholz cl al 2000). 11 
could also be that the digging activity of C. maenas whilst foraging for prey nernted the 
top layer of the stable olicn anoxic mud, creating a far more favourable habitat for 
infauna (Schratzbcrger andWarwick 1998). Whilst there was a strong influence of the 
crab on its prey, there wns no evidence of a bottom-up eflcct. Over a 9 year study no 
effect of the establishment of .C. maenas was f(nmd on the abundance of 1'3 species of 
shorebirds (Grosholz et al 2000). 
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Collectively, these studies suggest that the elevated numbers of C. maenas in estuaries 
which arc crab-tiled are likely to have significant direct and indirect effects on estuarine 
communities. 
Sizefi·equency and sex ratio 
Fisheries which are s1ze and/or sex selective either due to demand or .because of 
legislation can cause a population demographic that is not representative of a natural 
population (Carver et al 2005) . .The selective removal of larger size categmies of males 
from a population can significantly alter the mating dynamics of a population, and 
hence also reduce its overall reproductive success, e.g. by sperm limitation (Hines et al 
2003). However, this is unlikely to be the case in crab-tiled estuaries due to the size of 
the reproductive population. 
As a result of the significant difference in the abundance of crabs between tiled and not-
tiled estuaries, there was also a large difference between most size classes. Tiled 
estuaries had six times more small crabs, and tour times more medium crabs than 
estuaries which were not-tiled. The not-tiled estuaries, however, had more large crabs 
than tiled estuaries, but few crabs of this size were caught over the duration of the 
experiment in either treatment. 
It is well documented that the diet of C. maenas can shift depending on its size 
(Crothers 1968). Young crabs feed on sediment infauna; such as nematodes, tlatwonns 
and ostracods (Scherer and Rei se 1981 ). Young cockles C. edule and baniacles 
Semibalanus balanoides (L.) are also part of juvenile C. maenas diet (Jensen and Jcnscn 
1985); whereas larger crabs tend to eat larger prey items; such as mussels M. edulis, 
clams !11ya arenaria (L.), gastropods (Littorina spp.) algae and juvenile C. maenas 
(Einer 1977; Crothers 1968 ). Larger C. maenas are also able to feed on larger prey 
items of the same species than smaller con-specifics. Dare and Edwards ( 1981) showed 
that the size of oyster and mussel that a crab could open increased with the crab's 
carapace width. Therefore, disproportional changes in different sizes of crabs could 
cause an ecosystem response by changing species abundances and potentially the size 
distributimi of prey species. Another size-selective lishery has been seen to cause 
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ecosystem responses as a result of the removal of large signal crayfish Pacifastacus 
leniusculus (Dana) in freshwater systems, This species was introduced to the UK and 
now threatens the survival of eo-occurring native species of crayfish Austropotamobius 
pallipes (Lereboullet). P. leniusculus is carnivorous. Due to the removal of many large 
animals, the smaller ones prospered and bred. This has provided' increased numbers of 
prey for predatory fish in the systems, which have been reported to have !,'TOWn to 
unprecedented sizes (Sibley et al 2002; Sibley pers. comm. 2006). Gee et al (1'985) 
found that juvenile crabs in the River Lyner (Cornwall) reduced the abundance of 
polychaetes, whilst adult crabs had a positive effect on the abundance of various small 
polychaete worms. For these reasons it is important to investigate how crab-tiling 
affects the relative proportions of the different size classes of C. maenas. 
Although there was a higher proportion of small C. maenas in tiled estuaries compared 
to control estuaries, this obser.vation was only significant in autumn. The lack of a 
significant difference between not-tiled and tiled estuaries in late spring could be due to 
an active mi~;,rration by juvenile crabs in all estuaries in England during this time 
(Crothers 1968). Such migrations could result in the relative number of small crabs in 
estuaries appearing similar. The increased' propm1ion of small C. maenas in tiled 
estuaries compared to not-tiled estuaries in the autumn could be a result of the habitat 
provided by the tiles resulting in increased juvenile settlement and decreased mortality 
as a result of the habitat amelioration provided by the tiles against environmental 
extremes and ,predation. 
It was predicted that not-tiled estuaries would have a higher proportion of medium sized 
crabs (40-50 mm) than tiled' estuaries as 'peeler crabs' of this size category are taken by 
crab-tilers. This was the case in autumn; however the opposite effect was evident in late 
spring. The largest size class (260 mm) was hypothesized to have .proportionally more 
crabs within not-tiled estuaries than in tiled estuaries due to the lack of removal by crab-
tilers. This was indeed the case; however, conclusions regarding the distribution of large 
crabs between not-tiled and tiled estuaries arc hard' to reach due to the low numbers 
found. 
The proportion of females in this study consistently tended· to be greater in not-tiled 
compared to tiled estuaries, which was anticipated because of the selectiveness of the 
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crab-tilers. However, this trend of female domination was not statistically significant. 
Given that the abundance of crabs was so much higher in tiled estuaries than not-tiled 
estuaries, it appears that crab-tilers are not detrimentally alteting C. maenas sex ratios 
so that there are insufficient males to fertilise the viable females (Carver et al 2005). 
Differences in C. maenas sex ratios have been found between tidal heights (Rewitz et al 
2004); however, this was controlled for in this study. 
Consequences/or the estuw:ine ecosystem 
Due to many complexities of ecosystem processes and multi-level interactions, which 
can be variable both spatially and temporally, it is extremely difficult to predict and test 
how a change in crab population structure will affect a given estuary, let alone make 
general predictions for all estuaries, The presence of other crab species such as 
Chasmagnatlws granulatus (Dana) has been shown to indirectly cause opposing effects 
on predators of infauna, depending on the state of the tide. During low tide their 
burrows inhibited the foraging capacity of birds and ants on polychaetes (Palomo et al 
2003; Escapa et al 2004); however, during high tide fishes consumed more benthic prey 
when foraging in areas with crab burrows (Martinetto et al· 2005). 
Of primary interest to other commercial fisheries in crab-tiled estuaries, will be the 
potential detrimental effects which could be caused due to an increase of C. maenas. 
Increases in the abundance of C. maenas has been shown to have a detrimental effect 
on; cultured Pacific oysters C. gigas (Walne and Davies 1977); mussels M. edulis (Dare 
and Edwards 1976; Davies et al 1980); and hard clams M. mercenaria (Walne and 
Dean 19.72) fisheries. Estuaries in the UK are important nursery areas for many 
commercially important fishes such as plaice Pleuronectes platessa (L.), bass D. labrax, 
and turbot Scophthalmus maximus (L.). These fishes eat C. maenas and therefore an 
increase in the abundance of juvenile C maenas is likely to increase their prey 
abundance in the fonn of juvenile crabs. Estuaries also provide areas for commercial 
shellfish operations such as mussels M. edulis, oysters C. gigas and Ostrea edulis (L.), 
and other types of bait collection e.g. lug worm Arenicola marina (L) (Spencer 2002'). 
Whilst predation of tin-tish by C. maenas is not well documented, it is likely that 
juvenile fishes could be preyed upon by C. maenas. Shellfish however, are a significant 





This study has identified that crab-tilers have increased the stock density of their target 
organism but reduced the mean size, and that the avoidance of small crabs has resulted 
in sized biased crab population. However, the effect that this has on ecosystem 





Chapter 3 : The response of infaunal organisms to the 
disturbances caused by crab-tiling. 
Introduction 
The harvesting of invetiebrates in coastal areas for use as bait is a widespread 
phenomenon (Fairweather 1991, Wynberg and Branch 1991, Olive 1993), which has 
direct and indirect effects on target organisms and other ecosystem components 
{Underwood 1993). When evaluating the sustainability of recreational fishing, Skilleter 
et al (2005) highlighted the need to consider the effects and impacts of bait collection as 
well as the sustainability of fish stocks, as this component is often ignored (McPhee and 
Skilleter 2002). 
Crab-tiling is a bait harvesting method used commercially in south-west England to 
collect 'peeler crab', which are crabs Carcinus maenas (L.) in· a state of pre-ecdysis. 
Moulting crabs make excellent fishing bait for bass Diccntrarchus labrax (L.•), plaice 
Pleuronectcs platessa (L.) and other sea tishes. This method of baii collection involves 
crab-tilers laying man-made materials, such as guttering, car tyres or roof tiles 
intetiidally on unvegetated sediments, in order to provide refuge t(Jr crabs. There are 
approximately 77,000 crab-tiles laid on mudflats and sandtlats in Devon, south-west 
England (Black 2004'), Intetiidal mudtlats and muddy gravels are Biological' Action 
Plan (BAP) and Annex I protected habitats, therefore conservation bodies (such as, 
Countryside Council for Wales, Natural England and Devon Wildlife Trust) are 
concerned that crab-tiling may be causing habitat degradation or a reduction in the 
integrity or conservation status of these habitats and associated t~nma. 
Historically, the sustainability of bait collecting has been evaluated in tenns of its 
impact solely to the target organism. For example, the impact of digging for Arenicola 
marina (L.) was found by Blake ( 1979) to ·be a sustainable practice due to the relative 
inefficiency of the bait diggers. However, the study did not record associated species 
which may also have been atlcctcd. A similar study by Jackson and· Jamcs ( 1979) found 
that digging tell· lL marina and Ncrcis diJ•crsicolor (Miiller) caused significant. 
mortalities of the cockle Cerastodemw cdulc (L.), but did not record any other eo-
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occurring fauna. However, bait harvesting has also been found to reduce the. abundance 
and diversity of infauna (Nugues et al 1996; Skilleter et al 2006), which are an integral 
part in the functioning of estuarine ecosystems. To date there have been few studies 
targeted at understanding the impacts of crab-tiling on infauna, yet crab-tiling may 
adversely affect infauna assemblages in a number of ways including: through the 
aggregation of crabs, which predate on infauna; the trampling effects of the crab-tiler; 
and the effects of the crab-tile; which has been found to change bird feeding behaviour 
(see Chapter 4) and provide substratum for species which .are not typically found in .soft 
sediment (see Chapter 5). Consequently, the importance of infauna to ecological 
functioning will now be briefly summarised, as well as the types of disturbances both 
natural and anthropogenic which are known to affect this group of organisms, and then 
more specifically, the potential ecological effects of crab-tiling will be considered. 
Importance ofil!(auna in estuarine systems 
Estuarine infauna are ecologically imp011ant for a number of reasons. They are a vital 
food source for coastal wading birds, some of which are intemationally important and 
protected, yet are increasingly threatened by anthropogenic disturbances which occur 
within estuaries in the UK (Hill et al 1997). The estuaries where crab-tiles are laid are 
otlen important stop-over points for migrating seabirds and for residential populations 
(Goss-Custard and Verboven 1993). The direct impact of crab-tiling on wading 
shorebirds is explored in Chapter 4. As well as providing a food source for birds, 
estuarine infauna are prey for many ecologically and commercially important fishes, 
such as, flatfish So/ea so/ea (sole) (L.), Limanda limanda (dab) (L.), Platichthysflesus 
(flounder) (L.) and P. platessa (plaice), which feed on polychaetes (e,g. Arenicola spp. 
and Nereis spp.), bivalves (e.g. Macoma spp.) and tidally active crustaceans such as 
Bathyporeia and Eurvdice species (Dipper and Powell 1-984). The effects of crab-tiling 
on aquatic fauna are discussed further in Chapter 5. Another important ecological 
function for infauna in estuaries is their role as bioturbators. Through their burrowing 
and feeding, infauna and epifauna, cause mixing of the sediment through biological 
processes resulting in pm1icle movement known as bioturbation (Cadee 1976, 
Brenchley 1981 ). This is an important process which increases oxygenation of sediments 
and causes pat1icle erosion, which enhances the direct release of nutrients into the water 
column. This is an imp011ant ecosystem function as it fuels planktonic primary 
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production (Nedwell et al 1999, Henriksen et al 1980). Bioturbation also increases the 
surface area available for microbial activity (Fry 1982). 
lnfaunal spectes have a variety of feeding methods and modes of movement, and 
consequently create differing levels of disturbance to sediment structure (Biles et al 
2002). Levels of bioturbation are often important detem1inants of the surrounding 
benthic assemblage (Murphy 1985, Posey 1986). The presence of some species, for 
example thalassinid shrimps play an important role in many sedimentary 
biogeochemical processes (Schlacher and Wooldridge 1996) that directly influence the 
structure of meio- and macro fauna( assemblages (Wynberg and Branch 1994). Some 
other species, e.g. Corophium volutator (Pallas), substantially increase the amount of 
sediment put into suspension, whereas large filter .feeding species, such as Mytilus 
edulis (L.) and C. edule act antagonistically reducing the amount of suspended sediment 
(Biles et al 2002). Disturbance caused by crabctiling, whether it be through biological 
interactions, such as, increased predation ITom C. maenas, or the physical impacts of the 
presence of the tiles or the trampling effects caused by the crab-tilcr, may thus affect the 
behaviour and the biomass of certain. species of infauna. The associated changes in 
assemblage structure could alter bioturbation rates, prey abundance oF wading shore 
birds and ecosystem functioning. 
E{fc~cts a( disturbance in sedimentwy habitats 
The distribution of infauna in sedimentary habitats is spatially heterogeneous and is 
maintained by a variety of disturbances (biotic and abiotic) (Morrisey et al 1992; 
intennediate disturbance hypothesis, Connell 1978). Organisms can cause biotic 
disturbance through bioturbation, for example, surface-feeding rays (Thrush et al 1994) 
and filter-feeding Flamingos (Giassom and Branch 1997), foraging walrus and gray 
whales (Oiiver et al 1982, 1983, 1985), and burTowing activities of macrobenthic fauna 
(Brenchley 1981 ). A widespread example of an abiotic disturbance on is wave action, 
which can displace intauna (Hall et al 1990). Despite the tact that sedimentary systems 
experience disturbance to the sediment through natural processes, anthropogenic 
disturbance does not necessarily mimic the same intensity and trcqucncy of disturbance 
as natural disturbance. CFhereforc, .it is impotlant that anthropogenic impacts on 
sedimentary systems arc fully understood. 
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Man-made disturbances to sedimentary habitats include: building physical structures 
e.g. boardwalks (Kelaher et a] \997), scallop dredging (Currie and Parry 1996, Thrush 
et al 1995), oyster dredging (Connor and Simon 1979), and bait collecting.(McLusky et 
al 1983, Olive 1993; Wynberg and Branch 1994, 1997; Brown and Wilson 1997). 
Disturbed systems are generally considered to have a higher species abundance:biomass 
ratio (Abundance Biomass Curve, Clarke and Wai'Wick \994), and are expected to 
comprise of smaller, rapidly growing, opportunistic species whilst undisturbed 
assemblages tend to comprise of species which are larger, and slow growing (Lasiak 
and Field 1995). However, a previous. crab-tiling study (Cook et al 2002) did not detect 
this trend. Atler six weeks of experimental crab-tiling activity, the number of 
individuals of in fauna under tiles decreased from 204 to 28 individuals per core, but had 
no significant effect on species richness or diversity. Oyster cultivation also was found 
to decrease macrofaunal abundance (Heral et al 1986; Caste! et al 1989), whereas, 
disturbance caused by Manila spp. clam cultivation caused assemblages to become 
dominated by the opportunistic spionid Pygospio elegans (Claparcde) (Spencer et al 
1997). 
Potential eff'ects of'crab-tiling 
Effects of Carcinus maena~· on estuarine fauna: Intuitively, it would be expected that 
crab-tiling would reduce the number of C. maenas in estuaries and theretore reduce the 
predation risk to othe~ species. Conversely, crab-tiling was found to increase crab 
abundance in estuaries (see Chapter 2). Adult crabs and settling megalopae choose to be 
near structures rather than on open mudflat (adult crabs: Loln·er et al 2000; megalopae: 
Moksnes 2002). Crab-tiled areas, therefore, may cause aggregations of adult crab (see 
Chapter 5), and may also increase the recruitment for C. maenas and act as nursery 
areas. C. maenas is an opportunistic omnivore which switches between feeding 
strategies (grazer, scavenger, deposit feeder and predator) according to tood availability 
(Crothers 1968; Eriksson and Edlund 1977). Juvenile and adult crabs have a varied diet 
including algae, molluscs and polychaetes (Raffaelli et al 1989). Hence an increase in 
crab density associated with crab-tiling could directly affect the abundance of infaunal 
prey species and indirectly, intluence the tood web as a whole. Elevated C. maenas 
densities have signiticant effects on macrobenthic assemblages (Scherer and Reise 
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1981; Gee et a! 1985; Femandes et al 1999). For example, Femandes et al ( 1999) found 
that treatments with C. maenas had a significantly lower number of individuals and 
number of species of macro fauna. Specifically, four species of mollusc (Hydrobia ulvae 
(Pennant), C. edule, Macoma balthica (L.) and Retusa obtusa (Montagu)) and the 
polychaetes P. elegans and Nephtys lwmbergi (Savigny) all decreased in abundance 
when exposed to C. maenas. Schratzberger and Warwick ( 1998) found that the activity 
of C. maenas via predation and through modification of the sediment led to a decrease 
in the total abundance of nematode worms. However, some studies that manipulated C. 
maenas densities have rep01ied little impact on infauna (Thrush 1986, Raffaelli et al 
1989), Hence, it appears that the impact 6f C. maenas 1i1ay vary both spatially and 
temporally. 
In locations where C. maenas is an invasive species it has been found to hinder the re-
establishment of the seagrass Zostera marina as a consequence of its digging activities 
(Davis et al 1·998). In addition, C. maenas can prevent the establishment of mussel and 
cockle beds indirectly leading to an increasein the abundance of algae and tube buildii1g 
amphipods; hence changing the habitat as a whole (Menge 1983; Jensen and Jensen 
1985). In Bodega Bay Harbour, Cali fomia, USA, C. macnas caused a decrease in the 
abundances of native species of clams Nutricola talllilla (Gould), N!it1:ico/a con/itsa 
(Gray) and the native shore crab Hemigrapsus oregonensis (De Hann) (Grosholz et al 
2000). However, this negative ·impact caused by the presence of C. maenas to some 
species was also coupled with positive effects on others. Whilst C. inaenas also caused 
the decline of gammaridean amphipods ~Eolwus/orius sp., Paraplroxus sp.•), the 
abundance of two pol_ychaete taxa (Lwnbrinereis sp. and Exogone sp.) and a tan aid 
(Leptoclrelia dubia (Kroyer.)) increased. These increases were attributed to the strong 
top-down control from C. maenas, which removed the eo-occurring potential 
competitors and predators of the polychaetes and the ·l<maid (Grosholz et al 2000). lt 
could also be that the digging activity of C. macnas whilst toraging for prey aerated the 
top layer of the stable otien anoxic mud, creating a far more favourable habitat for some 
species of infauna (Schratzberger and Warwick 1998). This aeration breaks down the 
gradient in the sediment column, which means that even mciofiJUna, which typically, 




Trampling: In some studies the effect of trampling has been shown to be more 
detrimental than the collection ot: the target organism itself. Wynberg and Branch 
( 1994) studied the recovery of two species of African thalassinid prawn (the sand"prawn 
Ca/lianassa kraussi (Stebbing), and the mudprawn Upogebia afi'icana (Ortmann)), 
which are extensively used as fish bait in southem Africa, after two types of bait 
collection (digging and a suction machine). The recoveries of both species was far more 
'protracted than predicted', taking 18 months and it was suggested that the sedimentary 
compaction caused by trampling when collecting the organisms was responsible. 
Trampling can either have the effect of sediment compaction, or it can produce 
thixotropic effects (increasing the 'gloopiness' of the sediment) depending on the 
sediment type. Both can cause the soft bodied fauna which live close to the sediment 
surface to suffer direct mortality, or indirect mortality through burial 1 (Chandrasekara 
and Frid 1996). When trampling causes compaction of the sediment, available oxygen is 
decreased which causes infaunal mortality through asphyxiation or displacement due to 
the collapsing of bunows (Wynberg and Branch 1994; Chandrasekara and Frid 1996). 
Conversely, trampling also stimulates bacterial activity on organic matter (Rhodes and 
Young 1970), increasing food resources for the surviving, deposit feeding infauna 
(Lopez and Levinton 1987). Dead bodies of infauna injured due to trampling may also 
increase sediment productivity (Chandrasekara and Frid 1996). In other systems, 
increased trampling intensity has been directly related to the damage of flora in 
tenestrial assemblages (Baytield 1979, Cole 1995), the extent of disturbance of salt 
marsh infauna in vegetated and unvegetated areas (Chandrasekara and Frid 1996), the 
. densities and diversities of algae and sessile organisms on the rocky shore (Keough and 
Quinn 1998) and the amount of direct breakages to coral reefs and or mortality of coral 
colonies (Hawkins and Robe11s 1993). 
Specific to soft-sediment habitats, where crab-tiling operates, is also the coi1cem that 
disturbance of the sediment might remobilise pollutants (Brina and Pollard 1999). For 
example, considerable quantities of the anti~foulant tributyltin (TBT) have accumulated 
in sediments and could be remobilised by disturbance. TBT causes imposex in 
dogwhelks e.g. Nitce/la lapi/lus (L)(Gibbs 1993) and has been found to impair the 
burying activity of spat and juveniles of the bivalve Scrobicularia plana (da Costa), as 
well as reducing growth in the juveniles(Ruiz et al 1·994; Alzieu 2000). There are many 
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crab-tiles laid in estuaries which are also sites of busy shipping ports (crab-tiling survey 
2000/0 I, 2003/04). The risk of bioavailable metals in the sediments is also likely to 
increase because of the disturbance caused by crab-tilers. After a bait digging ban was 
lifted from Bud le Bay, Northumberland and bait collection recommenced levels of lead 
and cadmium increased in mud samples and in the nematode wonn Enoplus brevis 
(Bastian) (Howell 1985). The lead concentration remained five times higher in areas 
where digging was pem1itted than in similar areas where the ban still remained. The 
potential effect of pollutant remobilisation was not relevant in .this particular study, as 
the estuaries which were used were pristine and had very little pollutants in them and so 
the effect of pollutant remobilization will not be considered,here. 
Me Lusky et al ( 1983) noted that bait digging leaves the surface of the sediment more 
uneven than it would be without anthropogenic disturbance. Dug sediment supported 
lower abundances of A. marina (McLusky et al r98J;), however biogenic mounds and 
pits fonned by actions of infauna also caused variation in the abundance of crustaceans. 
Crustacean populations were more abundant in pits than mounds (Grant 1981 ). Basins 
accumulate organic matter and so attract A. marina ('lcongbottom 1970). Unevenness in 
the repopulation of sediment was also observed by Levings et al (·1978) when they 
studied the ecological effects of digging a ditch for an electric cable across the Fraser 
River, Canada. Whilst there was a reduction in macro-invertebrates adjacent to the 
ditch, the creation .of new micro-habitats did accumulate organic matter that other 
organisms began to feed ofC which could happen around crab-tiles which otlen fom1 
pools of water around them (pers. obs} Crab tiling also increases the unevenness of the 
sediment surface (pers. obs.), and so would• be expected to impact the distribution of 
infauna sunounding tiles and trampling lanes. 
Effect of the tile: Crab"tiling introduces hard substrata into a predominantly soft 
substratum system. Previous studies on crab-tiling observed that crab-tiles provide 
substratum for species typically found on rocky shores, such as Elminius modes/us 
(Dar.win). Lillorina littorea (L), Gibbula spp., Gracilaria verrucosa (Hudson). 
Apoglossum msci('oliwil (Tumer). Palmaria palmata (L.). VIva spp. attached to the 
surface of the tiles and· Botrvllus schlosseri (Pallas) colonies and juvenile Asterias 
rubcns (L.) on the underside of the tiles (Lock Icy 2001, Cook et al 2002). The presence 
of epifauna is not considered here, as during this study there was vi11ually no 
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colonisation of the·crab-tiles as a result of the short time-scale of the experiment. 
The insertion of crab-tiles on naturally flat sedimentary habitat may change the local 
water flow in the estuary. Oyster trestles in estuaries were found to cause water current 
to be significantly reduced on the flooding tide (Nugues et al 1996). Biles et al (2002) 
found that increasing flow changed the behaviour of macrofauna, which in tum 
increased the amount of Nl-1 4-N released into the water column. Species able to feed 
using a variety of mechanisms can change their behaviour to best exploit the food 
resources available to them. In tlow conditions, suspension feeding is more efficient, 
whereas in static conditions particul~te matter falls to the bed and therefore deposit 
feeding may provide the best source of food. For example, M. balthica is capable of 
both deposit and suspension feeding (Meadows and Reid 1966), therefore if flow 
increases, elevated suspended pa11iculate organic matter might stimulate M. balthica to 
switch feeding modes (Miller et al 1992). However, the increase in Nl-14-N was also 
noted with treatments containing H. ulvae, C. edule and M edulis. These animals only 
have one mode of feeding, which suggests that change in flow must modify their 
behavioural activity and impact on the sediment. 
Ge11erally, species which actively burrow or move through the sediment produce the 
highest Nl-14-N release (Biles et al 2002). For example C. volutator and N. diversicolor 
produced approximately double that of C.edule and M. edulis. Changing macrofaunal 
assemblages could therefore have signiticant implications, depending on which species 
are affected. Through the effects of bioturbation alone, disturbance from crab-tiling 
could potentially change the assemblage structure and :have implications for ecosystem 
functioning. 
Aims of this Chapter 
llhe principle aims of this Chapter were to measure the impact of crab-tiling on the 
macrobenthos, and to ascertain which aspects of crab4iling were responsible for any 
effects detected, so that environmental managers can make ecologically based decisions 
when developing future strategies for crab-tiling activities. It was not possible to 
incorporate treatments for every crab-tiling associated variabl'e, and so based on the 
literature reviewed, it was decided to measure the total effect of crab-tiling compared to 
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control plots of untouched mudflat, and then to elucidate whether any impacts found 
were the result of the effect of trampling or the effect of crab-tiles. In the event that 
trampling is most deleterious to infauna, further work will be required to explore 
whether the frequency of trampling affects infauna, in order to evaluate whether 
limiting the number of times that tiles can be visited per week, or organize crab-tilers so 
that they service different patches of their tiles in a rotation system. If the tiles were 
found to cause most impacts to infauna, then further manipulative experiments would be 
needed to detennine whether reducing the density of crab-tiles in an area, or reducing 
the number of crab-tiles, contributes towards reducing the impact of crab-tiling on 
infauna. For management to be most effective, it should be done in a way that 
minimises the effect on crab-yield, or crab-tilers may be less likely to adhere to the 
conservation strategy. 
The effects of crab-tiling were examined usmg a manipulative experiment. The 
treatments 'crab-tiled' and 'control' were used to measure the etlects of crab-tiling 
activity, which includes trampling, tiles, clearing tiles of sediment and harvesting crabs 
ti·om tiles. 'Trampled only' and 'tiles only' were aiso incmvorated as explanatory 
treatments to help determine the causes of any disturbance eftects measured. lt was 
therefore possible to determine whether any effects found were due to the presence of 
crab-tiles, or trampling. 
Using only the treatments 'crab-tiled and 'control' this Chapter first exammcs the 
hypothesis that: 
H 1 Crab-tiling activity reduces the number of individuals and/or the number of taxa in 
an area. 
In order to disentangle the effects of crab-tiling, the tollowing null hypotheses were 
then tested with all tour treatments incorporated into the design: 
I. Ho. Crab-tiling activity has no effect on the abundance ofint~lllna. 
2. Ho Crab-tiling activity has no ctTcct on the numh~.:r of taxa ofinfauna. 
J. Ho Crab-tiling activity has no cftect on the composition inl~lllna assemblages. 
4, Ho Crab-tiling activity has no impact on the pro]krtics of the sediment environment 
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Material and methods 
Study site and experimental design 
This experiment was temporally replicated during July-August in two consecutive 
years, and spatially replicated in three estuaries in south-west England; the Yealm (50. 
19'23. 13 N, 4· 02' 49.23 W), the Erme (so· 19'31.01 N, 3· 56 '21.58 W) and the Avon 
(50. 17' 15.84 N, 3· 52' 01.43 W) (Figure 3.1). Within each estuary, three sites were 
located on mid-shore mudflats or sandy mudflats (Figure 3.2). None of these estuaries 
was subject to commercial crab-tiling. 
1. Yealm Estuary 
2. Erme Estuary 
3. Avon Estuary 
50 km 




Estuary: Yealm Erme Avon 
/! ~ 
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Figure 3.2 Exper imental design to measure the effects of crab-tiling on infauna (n=4 replicates of 
each treatment). Hypotheses are explained at the end of introduction, 'Aims of Chapter' . 
The treatments 'crab-tiled ' and ' control' were incorporated to be representative of crab-
tiled pa11s of estuaries vs those areas left completely undisturbed by anthropogenic 
impacts. These two treatments were most important to environmental managers, to see 
whether crab-tiling activity does have an impact. To dete1mine what was driving any 
effects observed i.e. the crab-tiles, the affect of trampling or a synergistic effect, two 
further treatments were included: ' trampled only' and ' tiles only' . At each site a l Om x 
I Om grid was marked out and divided into sixteen plots. In each site, the four replicates 
of each treatment were then randomly allocated to each plot. Figure 3.3 is a 
diagrammatic representation of an example grid, which was site I in year 1 in the 
Yealm. The practice of crab-tiling was simulated 3 times a week, for one month, along 
with the other treatments. Plots were sampled two tidal cycles (24 hours) after the fin al 
day of disturbance. 
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The treatment regimes were as follows: 
I. 'Crab-tiled': Four pieces of 500 mm long, half round, black PVC guttering were 
inserted into the mud at a 45' angle, so that half the tile was in the sediment and 
half was emerged. Each tile was then lifted in order to clear a tunnel of sediment 
from under it, and then ·Jaid down, so that it was pointing upwards. at 
approximately a 20' angle. Tiles were positioned in a square fom1ation I m apart 
from each other (Figure 3.4).Three times a week these plots were 'crab-tiled' to 
mimic the actions of a crab-tiler. '[;his entailed trampling around plots and· lifting 
each tile in turn to remove any crabs and accumulated' sediment Wigure 3.4). 
Sometimes the crabs were buried way beyond the back of the tile, in· this 
circumstance the tile was removed so that the crab could be collected, and then 
the tile was re-laidr. Adult crabs were removed from the site and returned to the 
estuary channel, whilst juveniles were left in situ as .this is representative of 
crab-tiling methods. 
2. 'Trampled only': These plots were marked with a labelled 2 m bamboo pole. 
Each plot was then trampled~ in an identical way to the 'crabctiled' pl'ots. 
3. 'Tiles only': Crab-tiles were laid in the same f01mation as the 'crab-tiled' plots 
and left for .the duration of the experiment without trampling. 
4. 'Control': Control plots were marked with a labelled bamboo pole and left for 
the duration of the experiment. 
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Figure 3.4 a) A plot of crab-tiles which has been trampled. b) A crab being collected from a crab-
tile. 
Plots were sampled as follows: macrofauna assemblages were quantified using a 10 cm 
diameter x l 0 cm long core, 2 smaller cores (28 cm diameter x 11 cm long) were also 
taken to measure meiofauna assemblages, organic content and mean sediment grain 
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size. In order to measure the penetrability of the sediment an iron rod (98 cm long x I 
cm diameter) was dropped 3 times from a standard height (20 cm) within each plot and 
an average taken. Similar methods were used by Wynberg and Branch ( 1994). 
The positions where cores were collected were recorded so that subsequent sampling to 
monitor recovery could be made from locations that had not previously been sampled. 
Samples to monitor recovery were taken 7 weeks (September/October) and then 22 
weeks (January) after the end of the experiment. 
Sample Processing 
Sub-sampling in fauna trial: Smaller fauna ( < I 0 mm) in samples were too abundant to 
pick every animal due to time constraints; therefore a sub-sampling trial was conducted 
,to detect what level of subcsampling was stilt representative of the total sample when 
conve1ied to a whole sample equivalent. Five core samples were divided into 1/16, 1/4, 
and 1/2. The tauna in each section were then identified to species level where possible, 
and counted. These data sets were coniparcd using the Relate routine in PRIMER 6 
(Hob Clarke pers.comm.) to see how well each subset matched the full data set. 
RELATE gives a Rho value. lihe closer Rho is to l the closer the match between data 
sets (Table 3.1), Results from RELATE suggest that the 1/2 sub-sample of the smaller 
fauna was the most representative ofthe total samples. 
Table 3.1 Likeness of fauna sample sub sets to the actual total using RELATE 
Subset Rho 
1 116 0.84 
1 I 4 0.96 
1 I 2 0.99 
lnfauna identification and quantification: Samples to quantify intauna were tixed in 
10'% butTered formalin stained with Rose Bengal. Samples to quantify carbon content, 
and grain size were ti·ozcn for later analysis. The l 0 x l 0 cm core samples were then 




Following the results of the sub-sampling trial, half of the smaller fauna (< I 0 mm) and 
all of the larger animals (?. I 0 mm) were picked from each sample. Fauna were then 
identified and counted under a binocular microscope, or if necessary, under a high 
power microscope. The smaller fauna abundances were then converted .to a whole 
sample equivalent. For the species Nereis diversicolor and Nephtys hombergi, juveniles 
(<10 mm) were counted separately to adults (>10 mm) as this study is most interested in 
ecological responses, which despite some of the large and small organisms being of the 
same species, their ecology is not. Larger polychaetes tend to burrow deeper in the 
sediment (Zwarts and Wanink 1993), in lower abundances and the ecological roles they 
perform are of different magnitudes than smaller polychaetes, and so may react 
differently to disturbance, and consequently cause different environmental effects 
(Thrush et al 2003). 
Organic carbon content: Thawed sediment samples were dried at 60 ·c for 24 hours 
and then combusted at 450 ·c for a further 24 hours to detennine the ash-free dry 
weight. Organic carbon content was detem1ined for three out of the four replicates for 
each treatment. 
Sediment grain size: Grain size was measured using low ·angle laser diffraction, with 
Malvern Mastersizer X running software v2. 19. Three sub-samples were taken and 
larger particle sizes .(4-2000 Jlm) were measured using a 1000 mm lens. Smaller 
particles (4-80 fiiTI) were measured using a 45 mm lens. The two average results were 
then 'blended' using a function within the software. The analysis was carried out 
according to ISO 13320: Pm1iclc size analysis (ISO 1999). Larger fractions were put 
through Wentw011h sieves and added to the software spreadsheet. The final grain size 
parameters reported included: mean grain size (phi•), sorting, % gravel, 'Yo sand, and % 
silt. Grain size analysis was carried out for three out of the four replicates for each 




Univariate: The hypothesis that 'crab-tiled' plots would have a lower abundance of 
in fauna and fewer taxa was tested using two separate four-way ANOV As with the same 
design, and if necessary, followed: by post hoc Student Newman-Keuls (SNK) 
comparisons. 'Year', which had two levels (summer 2003 and summer 2004), was 
orthogonal and fixed; 'Estuary' and 'Site' both had 3 levels (Estuary: Yealm, Enne and 
Avon; Site: •1-3). 'Estuary' was orthogonal and random, whilst 'Site' was random and 
nested in 'estuary' and 'year'. The fourth factor was 'treatment' which had two levels 
(crab-tiled and control) was orthogonal and fixed with four replicates. Analyses to 
include explanatory treatments, abundance of in fauna, number of taxa and penetrability 
of the sediment were perfonned using exactly the same design except that the factor 
'·treatment' had four levels (crab-tiled, trampled only, tiles ·only, and control). 
Hypotheses relating to the mean grain size of the sediment (Phi) and the organic content 
of the treatment plots (Organics) were tested following the same ANOY A design again, 
except, 'Treatment' only hadi two levels (Crab-tiled and Control), and the number of 
replicates was 3. The assumption of homogeneity \vas tested with Cochran's C test. 
Data \Vhich could not be transfonned for heteroscedasticity were analyzed 
untransfonned as ANOVA is robust to heterogeneous data from relatively large, 
balanced experimental: designs (Underwood 1997). Any non-significant low-level 
nested interactions in the ANOV A to compare number of individuals between 
treatments were pooled to give a· test tor the term of interest (Under.wood 1997). 
The recovery of the mud was examined using the ·penetrability of the sediment as a 
proxy. Sediment is considered 'recovered' when the difference ·in the penetrability of 
the sediment between crab-tiled plots and control plots is not significant. The .mean 
depth which the drop-pole penetrated for each 'Crab-tile' replicate was subtracted from 
the mean drop pole depth of the corresponding control replicate in each 'time'. These 
measurements were made at 0 weeks at the end of the experiment, 7 weeks and 22 
weeks. These data were compared using a three- f~tctor A NOY A. · Y car' (summer 2003, 
summer 2004), 'Estuary' (Yealm, Em1e and Avon) and 'Recovet•y time' (0 weeks, 7 
weeks, 22 weeks) were all orthogonal'. 'Estuary' was random, whilst the factors 'Year' 
and 'Recovery time' were fixed. 
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Multivariate: The statistical software package PRIMER was used to compare infauna 
assemblages (Warwick et al 1990). Data were fourth-root transformed, and the Bray-
Curtis similarity coefficient (Bray and Curtis 1957) was employed to create a similarity 
matrix which gives a single measure of similarity between each sample with every 
other. These similarities were ranked and a two dimensional non-metric multi-
dimensional scaling (nMDS) ordination was produced. Each plot on the ordination 
represents one sample. lnfauna assemblages which were most similar were plotted 
nearest to each other, whilst those which were most dissimilar were plotted further away 
from each other, irrespective of treatment, site, estuary or year. Preliminary analyses 
were carried out to compare samples from all three estuaries using a two-factor 
'Analysis of similarities' randomization test (ANOSIM, Clarke and Green 1988; Clarke 
et al 1993) (Estuary x Year). Estuaries were significantly different; therefore, all 
subsequent multivariate analyses were carried out separately for each estuary. Similarity 
matrices were recreated for each estuary and a MDS produced. An Index of Multi variate 
Dispersion (!MD) calculated relative dispersion values to compare the variability of 
treatment samples. A two-factor ANOSIM was used to test for differences between 
'treatment' and 'site and year'. The null hypotheses being that: 
Ho 1. There are no treatment effects, a flowing for the .fc1ct that there may be effects 
across sites and years. 
If there are significant treatment effects, the second null hypothesis tests for spatial and 
temporal effects: 
Ho 2. There are no site and year e.ffects a flowing .for the/act that there are treatment 
(disturbance) differences. 
ANOSIM generates an R value which is a measure of how similar a priori sets of 
samples are. A value of Zero represents the null hypothesis (no difference between 
species assemblages), R= I means that all samples within groups are more similar than 
samples between groups. R >0. 75 are considered well separated (Clarke and Gorlcy, 
200 I). Pair-wise tests were used to distinguish the effects of treatment. The 'Similmity 
percentages' routine (SIMPER, Clarke et al 1993, Clarke and Warwick 2001), was used 
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to highlight those taxa which contributed to the greatest quantity of dissimilarity 
between significantly different treatments. 
Results 
Crab-tiles laid for this study were successfully harvested for crabs throughout the study 
period. In total, only 3 tiles were lost. Expetimental grids were left untouched by the 
public, which means that it can be said with confidence that controls remained 
untrampled. 
38 different taxa were successfully recorded, most of which were identitied to species 
level. 
Effects of' crab-tiling on il!fauna 
Number of individuals: In each of the three estuaries crab-tiling caused a significant 
reduction in the abundance of infauna compared with controls (Table 3.2; Figure 3.5). 
The abundance of individuals also varied between sites, demonstrating the importance 
of the small scale variability of biola in estuaries. 
Table 3.2 ANOV A to test difrerences of iildividual• abundanCl' of in fauna between treatment ('Crab-
tiled', and 'control;) over sites'(l-3), estuary (Yeatm, Ermc and Avon), and year (summer 2003 and 
summer 2004). C = 0.2274 (P < 0.01) 
Source of variation Of MS F p 
Year Ye 1 1309880 3.76 0.19 
Estuary Es 2 309732 2.06 0.17 
Site (Ye X Es) 12 150447:2 4.36 <0:01 
Treatment Tr 552792.3 26.11 <0:04 
Ye X Es 2 348654.1 2.32 0.14 
Y:e X Tr 1 1344.444 0.05 0.84 
Es X Tr 2 21173.25 057 0.58 
Tr X Si (Ye X Es) 12 37386.99 1 08 0.38 
Ye X Es X Tr 2 25884.11 0.69 0.52 































Figure 3.5 The effect of crab-tiling treatment on abundance of infauna compared to controls. 
ANOV A p < 0.05 
Number of taxa: In both years, controls supported significantl y more species than crab-
tiled plots; however there was a significant interaction between 'Year and treatment ' . In 
year two, whilst the direction of the trend remained the same, there was a smaller 
difference between treatments than in year one (Table 3.3; Figure 3.6). Similarly to the 
abundance of in fauna ANOV A, there was also an interaction between sites within years, 
within estuaries. There was also a significant difference in the number of taxa between 




Table 3.3 AVOV A to test the effect of treatment (crab-tiled and control) on the number of taxa 
;present over sites (1-3), estuary (Yealm, Ermc and Avon), and year (summer 2003 and summer 
2004). C = 0.09 liS 
Source,of variation Of MS F p 
Year Ye 1 22,56 7.52 0.11 
Estuary Es 2 67.58 6.85 <0.02 
Site (Ye X Es) 12 9.86 2.28 <0.02 
Treatment Tr 1 47.84 7.94 0.1 
YeXEs 2 3 0.3 0.74 
Ye X Tr 1 10.56 126.75 <0.01 
Es X Tr 2 6.03 0.82 0.46 
Tr X Si (Ye X Es) 12 7.38 1.71 0.07 
Ye X EsX Tr 2 0.08 0.01 0.99 
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Figure 3.6 T he effect of crab-tiling on the number of taxa in estuaries (Ycalm, Erme and Avon). 
SNK results from the significant interaction term: Year (2003 vs 2004) x treatment (crab-tiled vs 
control). * = p<O.OS; ** = p<O.O l 
Identifying the causes of crab-tiling effects on injauna 
Abundance of individuals and number of taxa: In each estuary the abundance of 
infauna in 'crab-tiled ' and ' trampled only plots tended to be lower than ' ti les only and 
' control ' plots, suggesting that it was the effects of trampling which was responsible for 
the reduction (Table 3.4; Figure 3 .7). However the magnitude of the trend and the 
direction between 'crab-ti led· and ·trampling only" treatments was dependent on the 
estuary. In the Yealm, experimenta l plots which were 'crab-tiled ' supported more 
individuals than plots whi ch were ' trampled onl y' but less individuals than plots which 
were ' tiles onl y' or ·control ' plots. The addition of ti les to untrampled sediment did not 
significantly affect the abundance of infauna (' tiles only' vs ' controls' ); however crab-
tiles in plots which were also trampled had a greater abundance of infauna than plots 
which were just trampled (" crab-tiled· vs ·trampled only' ) . The effect of crab-tiling on 
the abundance of in fauna was less apparent in the Erme and the A van . Whi lst control 
plots did tend to support more indi viduals than crab-ti led plots, none of the treatments 
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were significantly different from each other for either estuary. 
Table 3.4 ANOV A to test differences of individual.abundance of infauna between treatment (Crab-
tiled, trampled only, tiles only and control) over sites (1-3), estuary ~eat m, Er me and Avon), and 
year (summer 2003 and'summer 2004). C = 0.099, P <0:05 
Source of variation Of MS F p 
Year Ye 1 2343973 3.08 0.22 
Estuary Es 2 604946.5 3.09 0.08 
Site (Ye X Es) 12 195785:8 4.45 <0.0001 
Treatment Tr 3 328338 2.58 0.15 
Ye X Es 2 760544.5 3,88 0.05 
Ye X Tr· 3 16093.94 0.21 0.89 
Es.X Tr 6 127454.7 2:9 <0.01 
*Tr X Si (VeXEs) 36 55550.71 *Pooled data 
Ye X Es X Tr 6 78402:5 178 0.1 
Residual 216 420.17.1 
Total 287 
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Crab-tiled Trampled only Tiles only Control 
Figure 3.7 The effect of treatment (crab-tiled, trampled only, tiles only and control) on the 
abundance of infauna for each estuar y (Yealm, Erme and Avon). Numbers indicate groups of 
treatments that were significantly differences P < 0.05. 
In 67% of the sites ' tiles only' p lots contained more taxa than trampled only plots. The 
number of taxa however, was quite variable between treatments, sites and estuaries 
(Table 3.5). Within year, for each estuary, SNK tests only found that the number of taxa 
was signifi cantly affected by treatment in the Erme in year one and in the Yealm in year 
2 (Table 3.5, Table 3.6, Figure 3.8). ln the Erme (year I) ' crab-tiled ' plots and 
trampled only' plots in site I supported significantly fewer taxa than ' control' plots or 
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those with 'tiles only'. There was no significant difference in the number of taxa 
between treatments in site 2; however, 'crab-tiled' plots in site 3 were significantly 
different to the other treatments. In the Yea) m (year 2), plots in site 3 which were 'crab-
tiled' and those which were 'trampled only' supported significantly fewer taxa than 
plots with 'tiles only' or 'control' plots. There was no significant difference in the 
number of taxa in the Yealm sites I or 2, though plots with 'tiles only' tended to have 
the lowest number of taxa. There were no other apparent trends between treatments, nm 
other significant differences between treatments within estuary; however, the 'crab-
tiled' plots did tend to support fewer taxa than 'control' plots, unlike the effects of the 
'tiles only' or 'trampling only' treatments which showed no consistent trends between 
site, estuary or year. 
Table 3.5 AVOVA to teslthe effect of treatment (crah-tiled, trampled only, tiles only and control) 
on the number of taxa present over sites:(•l-3), estuary (Yl•ahu, Ermc and Avon), and year (summer 
2003 and summer 2004). C = 0.046·ns 
Source of variation Of MS F p 
Year Ye 2509 15.41 0.059 
Estuary Es 2 106.34 5.52 0:02 
Site (Ye X Es) 12 19.28 4.81 <0.001 
Treatment T r 3 32.59 3.6 0:09 
YeX Es 2 1,63 0.08 0.92 
Ye X Tr 3 4.58 1.31 0.35 
Es X Tr 6 9.05 1.48 0.21 
Tr X Si (Ye X Es) 36 6.09 1.52 <0.04 
Ye X.Es X Tr 6 ·3.49 0.57 0.75 
Residual 216 4.01 
Total· 287 
Table 3.6·Snmmary of results from SNK tests on the interaction 'Tfl'atment x site·(year x estuary) 
(sec "l;ablc 3.5), Ns indicates no significant difference bctwel'n• treatments within site. *=significant 
difference.p < 0.05. CT =Crab-tiled, Tramp= trampled only. Tiles= tiles only and'C =Control. 
Year Estuary Site 1 Site 2 Site 3 
1 Yealm Tr<CT<C<Iii CT -Tr< C·< Ti Tr < CT< Ti < C 
Er me CT and Tr *< Ti and C Tr < Ti < C< CT CT *< Tramp, Tiles, and C 
Avon CT <Ti <Tr < C CT = Ti < C<Tr Tr < CT < C < Ti 
2 Yealm Tr < Ti < CT < C C < Tr < Ti < CT Tramp and CT *< C and Tiles 
Er me Tr < CT< Ti < C lii < CT < C <Tr CT<Ti=C<Tr 
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Figure 3.8 Significant SNK r esults from Table 3.6 showing the effect or treatment (crab-tiled 
(black), trampled onl y (dark grey), tiles only (light grey) and control (white)) on number of taxa. 
Differen t lett ers within a 'site' subset indicate a significant difference P < 0.05 
lnfaunal assemblages: Multivariate analysis revealed a distinction between estuary and 
year (see MDS Figure 3.9).Thesc differences were significant (ANOSIM Estuary: R= 
0.77, P< 0.02; Year: R= 0.41, P< 0.02), though the location of the symbols shows that 
species assemblages were more dissimilar between estuaries than years. Therefore 
subsequent analysis considers each estuary separately. 
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Figure 3.9 Ordination demonstrating the difference of infauna assemblages between estuaries 
(Yealm, Erme, Avon), between years (Yr 1 =summer 2003, Yr 2 =summer 2004). 
Yealm Estuary 
The MDS ordination shows a clear distinction between those treatments which were 
trampled ('crab-tiled' and ' trampled onl y') to those which were not (' tiles only and 
'control ' ) (Figure 3. 1 0). Also, whilst the control' and the ' ti les only' plots were 
relatively tightly clustered, the 'crab-ti led' and the ' trampled only" treatments were 
more dispersed. This observation was supported by IMD (Table 3.7). ANOSIM 
detected a significant treatment effect and a sign ificant si te and year effect (Table 3.8). 
Subsequent pair-wise tests showed that species assemblages were onl y significantl y 
different between samples when a treatment with trampling was compared to a 
treatment without trampling. The presence of til es did not innuence species 
assemblages, which is the same effect that was detected by ANOV A in the univariate 
response variables. 
The spectes which contributed most to the dissimilarity between treatments were 
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oligocbaetes Tubiflcoides benedii (Udekem), Tubificoides pseudogaster (Dahl) and 
Paranais litoralis (Muller) which were all more abundant in not-trampled treatments 
than trampled treatments and contributed to 2 L .4% of the dissimilarity between 
treatments (Table 3.9). Spionidae, sabell id worms Manayunkia aestuarina (Boume), 
large polychaetes N. hombergi and gastropods H. ulvae, bivalves M. balthica shrimp 
Crangon crangon (L.) were also found in greater abundances in not-trampled plots than 
those which were trampled. Conversely, the polychaete Capitella capitata (Fabricius), 
nematodes and crabs C. maenas were more abundant in the trampled treatments than the 
not-trampled treatments. 
.& Crab-tiled 
• Trampled only 
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Figure 3.10 Ordination d isplaying dissimila rities of infauna assemblages beh veen treatments in the 
Yea lm Estuar y. 
T able 3.7 Index of multivariate dispersion (l iVID) for each treatment (crab-tiled, trampled only, 













Table 3.8 Two-way crossed ANOSIM test for treatment and 'year and site' on fourth root 
transformed infauna assemblage data in the Yealm Estuary. Treatments are: Crab-tiled (CT), 
trampled only (Tr), tiles only (Ti) and Control (C). Year and sites are: sites I, 2 and 3 in the 
summer of 2003 and the summer of 2004. 
R p 
A NOS/M 
Treatment 0.15 0.002 
Year and site 0.22 0.001 
Pairwise tests for treatment 
C, Ti -0.01 0.55 
C, Tr 0.31 0.001 
C,CT 0.25 0.001 
Ti, Tr 0.28 0.001 
Ti, CT 0.16 0.02 
Tr,CT -0.03 0.67 
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Table 3;9 The Yealm 'Estuary. SIMPER two-way analysis (Treatment x Site and 
Year) to compare the combined abundances of infauna for the 'control' treatment 
(C);and the '.tiles only' treatment (Ti) with the combined abundances of infauna for 
the'Crab-tiled' treatment (CT) and. the 'trampled only' treatment ('fr.). Average 
dissimilarity = 40.36. Including only those species which contributed to over 1% of 
the dissimilarity between treatments. 
Mean abundance 
% 
Species C and Tci Tr and CT Diss/SD Contribution 
T ubificoides 
pseudogaster 2.29 1.4 1.08 8.26 
Capitella capitata 0.74 1.29 1.07 7.6 
Spionidae spp. 3.18 2.22 1.43 7.59 
Tubificoides benedii 3.57 2.88 1.22 7.56 
Manayunkia aestuarina 1.77 1.1.7 1.18 7.25 
Chironomidae larvae 1.05 0.29 1.23 6.51 
Hydrobia u/vae 1.02 1.11 1.04 5.67 
Paranais-litoralis o,89 0.53 0:87 5.53 
Nereis diversicolor juv. 0;83 0.42 1.05 5.27 
Nematoda spp. 0.78 0.9 1:04 5.25 
Nephtys-hombergi 1.48 1.01 0!97 4.66 
Copepoda 
(Harpacticoida) 0.67 0.63 0.87 4.63 
Macoma balthica 0,56 0.14 0,83 3.64 
Cirratulidae spp. 0.43 0.28 0.8 3.62 
Melinna cristata 0.46 0.08 0.81 3.28 
Nephtys hombergi juv. 0,32 0.26 0.61 2.39 
Carcinus maenas 0.28 0.12 0.6 2.35 
Crangon crangon 0 0.25 0.52 1.83 
Cerastoderma edule 0.14 0.14 0.52 1.78 
Mytilus edulis 0.12 0.16 0.48 1.74 
Enchytraeidae spp, 0;1,1 0.02 0.28 1.02 
'Enhe Estuary 
Chapter 3 
Although infauna assemblages were significantly different between the Em1e and the 
Yealm (Figure 3.9), the trends of the response of the assemblages to the effects of 
trampling were the same. 'Crab-tiled' and 'trampled only' treatments. clustered together 
and were more dispersed than 'tiles only' and 'control' treatments, which also tightly 
clustered together (MDS Figure 3.11; ANOSIM Table 3.11; IMD Table 3.1 0). 
Of all the fauna which contributed to at least I % of the dissimilarity between 
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treatments, only two spectes were found in greater abundances in the ' trampled' 
treatments: the bivalve S. plana and the crab C. maenas (S IMPER Table 3.12). All other 
fauna were more abundant in not trampled' treatments including: oligochaetes T 
benedii, T pseudogaster, Heterochaeta costata (Ciaparede) and P. litoralis, which were 
responsible for nearly 30% of the dissimilarity between treatments, polychaetes 
Spionidae, N. diversicolor, M aesturina, C. capita la, which contributed to 34.7% of the 
di ssimilarity. The gastropod H. u/vae and Nematoda were also important in the 
dissimilarity between treatments. 
A Crab-tiled 
• Trampled only 
L:l. Tiles only 
0 Control 
A 




Figure 3.11 Ordinntion displaying dissimilnritics of infaunn nsscmblngcs between treatments in the 
Ermc Estuary. 
Table 3.10 Index of multivaria te dispersion (I ID) for each trentmcnt (crab-tiled, trnmpled only, 













Table 3.11 Two-way crossed ANOSIM test ror treatment and 'year and site' on rourth root 
transrormed inrauna assembloge data in the Er me Estuary. Treatments are: crab-tiled (CT), tiles 
only Ffi), trampled only (Tr) ond control (C). Year and sites are: sites I, 2 and 3 in the summer or 
2003 and the summer or 2004. 
R p 
A NOS/M 
Treatment 0.15 0:001 
Year and site 0.35 0:001 
Pairwise tests for treatment 
C, Ti 0.08 0.14 
C, Tr 0.13 0.02 
C,CT 0,22 0:001 
Ti, lr 0.23 0;001 
Ti, CT 0 .. 19 0:003 
Tr, CT 0.11 0.08 
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Table 3.12 The Erme Estuary. SIMPER two-way analysis (Treatment x Site and Year) to compare 
the combined abundances of infauna for the 'control' treatment (C) and the 'tiles only' treatment 
(Ti) with the combined abundances of infauna for the 'crah-tiled' treatment (CT) and the 
'trampled only' treatment (Tr). Average dissimilarity = 33.85. Including only those taxa which 
contributed to over I% of the dissimilarity between treatments. 
Mean abundance 
S[!ecies Cand Ti Tr and CT Oiss/SD % Contribution 
Tubificoides pseudogaster 2.79 2.4 0:96 10.3 
Spionidae spp. 1.5 1.05 1.15 9.93 
Heterochaeta costata 1.72 1.35 OB8 9.29 
Tubificoides benedii 1.72 1.45 1.08 8.49 
Nereis diversicolor juv. 2.5 1.87 1.05 8.45 
Hydrobia, ulvae 1.57 1.49 1.1 8.04 
Nereis diversicolor 1.87 1.47 0:81 7.48 
Manayunkia aestuarina 0.93 0.71 1.03 7.22 
Nematoda 0.66 0:59 1.09 7.19 
Macoma balthica 0.76 0:58 0:96 6.6 
Cyathura carinata 0.39 0,37 0.74 4.28 
liipulidae spp. 0.26 0,12 0.6 2.95 
Scrobicularia plana 0.13 0.18 054 2.42 
Paranais litoralis 0.11 0:08 0.4 1.73 
Capitella capitata 0.11 0•08 0.39 1.58 
Carcinus maenas 0.05 0.11 0.39 1.53 
Avon Estuary 
In the Avon, the composition of infauna assemblages were not affected by crab-tiling; 
however, they did vary depending 6n which year the samples came fi·om (Figure 3.12). 
All' of the symbols ti·om year I are located on the right hand side of the ordination, 
whilst all of the symbols 011thc left hand side arc samples fi·om year 2. Samples fi·om all 
four treatments (crab-tiled, trampled only, tiles only. and control) were all similarly 
dispersed ~lME> Table 3.13) and showed no patterns of clustering within treatment 
(MDS Figure 3.12). The ciTects of year and site were stronger than any disturbance 
effect imposed in the study(ANOSIM Table 3.14). 
Despite the inhtuna assemblages not being significantly different between treatments, 
si1i1ilar trends were evident to those in the Yealm and the Enne, Out of the 20 taxa 
which caeh contribute to at least I 'Yo of the variation between treatments, only four 
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species were more abundant in the trampled treatments than the not trampled 
treatments, and of those, two were surface feeders, C. maenas and H. ulvae (SIMPER 
Table 3. 15), which are unlikely to suffer sediment disturbance in the same way as the 
infaunal taxa. 
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Figur e 3.12 Ordination displaying dissimilarities of infauna assemblages between treatments in The 
Avon Estuary. 
Table 3.13 Index of multivariate dispersion (IMD) for each treatment (crab-tiled, trampled only, 













Table 3.14 Two-way crossed ANOSIM test for trf.'atment and 'year and site' on fourth root 
transformed infauna assemblage data in The Avon Estuary. Treatments are: Crab-tiled (CT), tiles 
only (Ti), trampled.only (Tr) and Control (C). Year and sites are: sites 1, 2 and 3 in the summer of 
2003 and the summer of 2004. 
R p 
ANOSIM 
Treatment -0.01 0.598 
Year and site 0.63 0.001 
Pairwise rests for treatment 
C. Ti -0.10 0.96 
C. Tr 0.03 0.33 
C,CT 0.11 0.054 
l'i, Tr -0.08 0.88 
lii, CT 0.01 0.46 
Tr, CT 0.03 0.30 
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Table 3.15 The Avon Estuary. SIMPER two-way analysis (Treatment x Site and Year) to compare 
the·combined abundances of infauna for the 'control' treatment (C) and the 'tiles only' treatment 
(Ti) with the combined abundances of .infauna for the 'crab-tiled' treatment (CT) and the 
'trampled only' treatment (Tr). Average dissimilarity = 33:85. Including only those taxa which 
contributed.to over I% of the dissimilarity between treatment groups. 
Mean abundance 
% 
Species C and Ti Trand CT Diss/SD Contribution 
Paranais litoralis 1.73 1.66 0.99 9.49 
T ubificoides 
pseudogaster 2.58 2.66 0.91 9.37 
Nereis diversicolor juv. 1.35 0.91 1.04 8.91 
Capitella·capitata 1.63 1.3 0.91 8.22 
Hydrobia ulvae 0•6 0.7 0.9 6.99 
Tubificoides benedii 2.06 2.04 0.73 5.94 
Oma/ogyra.atomus 0.42 0.45 0:61 5.33 
Melinna cristata 0.57 0.51 0.56 5.24 
Cerastoderma • edule 0.44 0.36 0:64 4.91 
Amp hare le. acutifroils 0.52 0.52 0.56 4.47 
Spionidae spp. 1 0.95 0.6 3.83 
Manayunkia. aestuarina 0.54 0.44 0:6 3.15 
Nematoda 1.27 1 '16 0!62 3.03 
Heterochaeta costata 0.77 0.67 0.55 2.87 
Macoma balthica 0.33 0.15 0:57 2.79 
Enchytraeidae spp. 0.39 0.33 0.43 2.46 
Nereis diversico/or 0.77 0.59 0.54 2.4 
Mytilus edulis 0.23 0.19 0:56 2.33 
Dodecaceria concharum 0.07 0.05 0.32 U9 
Cirratulidae spp. 0.11 0.08 0.34 1.28 
Carcinus maenas 0.02 0.14 0.36 1.22 
impact ofCarcinus maenas bwying under crab-tiles 
During fieldwork for this study, it became apparent that crabctiles inhabited by C. 
maenas were distinguishable from those which were vacant by a grey mound of 
sediment at the entrance of the tile compared to the brown mud surface ('Figure 3.13). 
The sediment was grey presumably as a result of the crabs burying activity. The 






Figure 3.13 a) A crab-tile inhabited by a crab, indicated by the grey mound of sediment at the 
entrance of the tile. b) A crab-tile uninhabited by a crab. 
Penetrability of the sediment 
The penetrability of the sediment in the Yealm Estuary was significantly greater than in 
the Erme and the Avon Estuary (p < 0.05). The mean depth that the pole reached in the 
Y ealm was 262 ± 57 mm, whereas in the Er me and the Avon the pole penetrated 
approximately a mean depth of 160 ± 30 mm. Treatment plots in the Yealm, which were 
'crab-tiled' and those which were 'trampled only' were significantly more penetrable 
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than 'control' and 'tiles only' plots. 'Crab-tiled' and 'trampled only' treatments were 
also significantly different to each other (Table 3.16, Figure 3.14). Plots with tiles were 
less penetrable than 'trampled only' plots. In the Erme, there was no significant 
difference between 'control' plots and 'tiles only' plots, or between 'trampled only' 
plots and 'crab-tiled' plots; however, treatments which were trampled ('crab-tiled' and 
'trampled only') were significantly morepenetrable than those which were not trampled 
('tiles only' and 'control'). Hence trampling made the sediment more penetrable, 
irrespective of the presence of tiles, which is the same trend that was observed for the 
infauna abundance variable. In the Avon, 'crab-tiled' plots were significantly more 
penetrable than all the other treatment plots. Sites were also significantly different 
within year and estuary (p< 0.00 I), which demonstrates the small scale variability of 
within an area of an estuary. 
Table 3.16 AVOVA to test the effect of treatment (crab-tiled, trampled only, tiles only and control) 
on the penetrability of the sediment, over sites (1-3), estuary ('Yealm, Erme and Avon), and year 
(summer 2003 and summer 2004). C = 0.06 os. 
Source of 
variation Df MS F p 
Year Ye 20.20 2.58 0:25 
Estuary Es 2 3015.47 131.24 <0.001 
Site Si (Ye X Es) 12 22.98 4.09 <0.001 
Treatment Tr 3 768.69 5.27 <0.05 
VeXEs 2 7.83 0.34 0.72 
Ye X Tr 3 10.57 2.59 0.15 
Es X Tr 6 145.73 28.58 <0.001 
Tr X Si (Ye X Es) 36 5.10 0.91 0.62 
VeXEs X Tr 6 4.09 0.8 0.58 
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Figure 3.14 Histogram describing the significant interaction Estuary x Treatment (see ANOV A 
Table 3.1 6) for the ' penetrability of the sediment'. Significant SNK P < 0.05 results are 
distinguished by different numbers for each estuary (Yealm, Erme, Avon). Treatments with the 
same number are not significantly different. 
Sediment grain size 
Grain size analysis showed that sediments from all three estuaries were classified as 
poorly sorted sandy muds (Folk and Ward 1957). Their Phi values however, were 
sif,'11iticantl y different (ANOVA Table 3.17). The Yealm was the muddiest estuary as 
sites in the Yealm had the highest Phi value (i .e. lowest mean grain diameter), followed 
by sites in the Em1e and then the sandiest estuary was the Avon (SNK results: Table 
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3.17). The Phi value also differed significantly between sites within estuary within year; 
however, the main term of interest, 'Treatment', had no, significant effect on the mean 
grain size of the sediment. 
Table 3.17 a) AVOVA to test the efrect of treatment (crab-tiled and,control) on the mean grain size 
(± SE) over sites (l-3), estuary (Yealm, Erme and Avon), and year (summer 2003 and summer 
2004). b) SNK results of the main effect 'Estuary' (** = P < 0.01) on mean sediment grain size(± 
SE). The significant interaction 'site (Year x Estuary)' was not explored here, it was suffice to know 
that sediment grain size Vl)ried between sites within estuaries, within years. C = 0. 79 P < 0.0 I. 
a) 
Source ofvariation Df MS F p 
Year Ye 0.4294 23.6~- <0:04 
Estuary Es 2 7.0539 47.63 <0;001 
Site (YeXEs) 12 0.1481 2.1 <0:03 
Treatment Tr 1 0.0~ 19 0.25 0.65 
Ye X Es 2 0.0182 0.12 0:89 
Ye X Tr 0.0037 0.23 0.68 
Es X Tr 2 0.0467 0.63 0,55 
lir X Si<(Ye X Es) 12 0.0737 1.04 0.42 
Ye X Es X l'r 2 0.0162 0.22 0.8 
Residual 72 Oo0706 
Total 107 
b) 
SNK Yealm Er me Avon 
** 
Estuar}': 5.777 +0.03 > 5.25 ± 0.03 > 4.9 ± 0.07 
Organic content 
lihe organic content of the sediment was significantly !:,Tfeater in the Yealm than the 
other two estuaries, but was unaffected by treatment (Table 3.18). Sediment in the Em1e 




Table 3.18 a) AVOVA to test the effect of treatment (crab-tiled and control) on the % of organic 
content of samples(± SE) over sites (1-3), estuary (Yealm, Er me and Avon), and year (summer 2003 
and summer 2004). b),SNK results of the main effect '·Estuary' * ( P <0:05. C = 0:83 P< 0,01) on% 
organic matter content of samples(± SE). 
a) 
Source of variation Df MS F p 
Year Ye 81.84 30.95 <0:04 
Estuary Es 2 65.1·2 9.81 <0:01 
Site (Ye X Es)· 12 6:64 1.61 0.12 
Treatment Tr 1 0:26 0.32 0.63 
Ye X Es 2 2:64 OA 0.69 
Ye X Tr 5.22 5.07 0.15 
1Es X Tr 2 0:80 0.31 0.74 
Tr X Si (Ye X Es) 12 2.56 0.62 0.82 
Ye X Es X Tr 2 1.03 0.4 0.68 
,Residual 72 4.~2 
Total 107 
b) 
SNK Yealm ,Erme Avon 
* 
Estuary 7.72 + 0.53 > 595 + 0.25 = 508 ±'0.23 
RecoFely oft he sediment 
In each estuary, footprints were still visible in the sediment 7 weeks after the crab-tiling 
simulation ceased. There was a general trend in all three estuaries for a decreasing 
ditTercnce in the penetrability of the sediment between 'crab-tiled' and~ "control' 
treatments with time. Magnitude hmvever varied among. estuaries resulting in a 
significant Estuary x Time interaction (Table 3.19). There was also one strange 
inexplicable result ·in the Y calm, in which the difference between the crab-tiled and the 
control treatments increased after 7 weeks lbut then d'ecreased <Iller 22 weeks to a mean 
difference between treatments of 35 mm, suggesting that a complete recovery was near 
(Figure 3.15). The Em1e showed extensive recovery after 7 weeks with a small mean 
difterence of 1·6 mm between treatments. •In the Avon, after 7 weeks recovery, the 




Table 3.19 ANOVA to see the effect of Time (after no time to recover, after 3 months and after 6 
months) on the penetrability of the sediment between Years (summer 2003 and summer 2004) and 
Estuaries (Yealm, Erme and Avon). C = 0.14 us. 
Source of variation Of MS F p 
Year Ye 1 34.51 40.28 <0.03 
Estuary Es 2 886.69 80.77 <0.001 
Recovery T ime T i 2 295.65 1.89 0.26 
Ye X Es 2 0.86 0.08 0.93 
YeXTi 2 7.53 1.8 0.28 
Es XTi 4 156.52 14.26 <0.001 
Ye X Es X Ti 4 4.20 0.38 0.82 
Residual 198 10.98 
Total 215 
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Figure 3.15 The mean difference of the penetrability of the sediment between control plots (C) and 
crab-Tiled plots (CT) showing the recovery of the sediment over 6 months in three estuaries 




The physical activity of crab-tiling led to a reduction in the number of individuals of 
infauna and the number of taxa in each of the three estuaries sampled: the Yealm, the 
Ennc and the Avon. These responses may largely be attributable tophysical disturbance 
associated with crab-tiling, which caused a significant increase in the penetrability of 
the sediment in each estuary, and probably also reduced sediment stability, creating a 
harsher, more unstable environment for fauna to live in (Warwick et al 1990). 
L/fects on abundance ofinfmma and number o(laXa 
Crab-tiling activity reduced the number of individuals (Table 3.2; Figure 3,5) and the 
number of taxa in experimental plots compared to controls (Table 3.3, Figure 3.6). 
Trends associated with the abundance of individuals and the number of taxa were 
spatially variable, however small scale variation in abundance and diversity are typical 
in sedimentary systems (Mon·isey et al 1992, Commito et al 1995). 
This reduction in both abundance and diversity appear to mainly be as a result of 
trampling activity rather than the effects of the tiles, or disturbances associated with 
har.vesting crabs from tiles (individuals: Table 3.4; Figure 3.7; Taxa: Table 3.5, Table 
3.6, Figure 3.8). For those sites with treatments which were significantly different to 
each other; 'crab-tiled' and 'trampled only' treatments had tewer species than 'tiles 
only" and 'control' treatments. Trampling also increased the penetrability of the 
sediment, which will be discussed in more detail later; however, infauna assemblages 
arc known to be directly influenced by sedimentary parameters (Gray 1974, Rhoads 
1974), and the general pattern of the number of individuals per treatment appeared to 
decline with increasing penetrability of the sediment (Individuals: Figure 3.7, 
Penetrability: Figure 3.14), the more penetrable the sediment, the fewer individuals 
there were. For example, in the Ycalm, 'controls' and 'tiles only" had a similar measure 
of sediment penetrability and similar numbers of individuals to each other, whilst 
·trampling only· had the greatest penetrability and the lowest number of individuals. 
Also 'crab-tiled' plots, which were less penetrable than 'trampling only' plots had more 
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individuals. This pattern of association was consistent in each estuary. This suggests 
that trampling was the mechanism which contributed most to the decrease in individual 
abundance. This association could be due to the mortality of individuals from the direct 
effect of trampling, or indirectly through burial (Chandrasekara and Frid 1996). Species 
may also have avoided trampled sediment, decreasing immigration to the area, and/or 
may have increased the number of organisms leaving the area (emigration) (Negrello 
Filho et al 2006), Jackson and James ( 1979) found that digging for A. marina and N. 
diversicolor caused significant mortalities of the cockle C. edule, which was attributed 
to the tact that bait digging caused cockles to become buried so deep that they cannot 
make it back to the surface. They also noted that those. left exposed by digging were left 
vulnerable to avian predation. 
Previous studies have found that physical structures in soft sediment do have an effect 
on the intauna due to the potential change in flow conditions (see Nugues et al 1996, 
Biles et al 2002, Miller et al 1992). Although this does not seem to be the case here, it 
must be remembered that the response variables were measured away from crab-tiles. A 
previous crab-tiling study in the Moel y Don on the Anglesey shore of the Menai Strait, 
N011h Wales, which took measurements of response variables from beneath crab-tiles, 
found that the number of individuals and the number of taxa was lower under the tiles 
than controls and trampling treatments (Cook et al 2002). Cook et al (2002) reported 
that the impact of trampling probably only physically impacted the top 5 cm of 
sediment; therefore their tranipling impact was less than the impact of trampling in this 
study as sites in this study were trampled to the depth of approximately 30-50 cm deep. 
Bait collecting is known to impact in fauna abundance and number of species. Nugues et 
al ( 1996) found intertidal oyster cultivation to significantly decrease the abundance of 
benthic tauna and the number of species; Skilleter et al (2006) found that bait harvesting 
for bloodwonns Marphysa spp. also negatively impacted benthic fauna, including 
gammarid amphipods, polychaetes and gastropods. Two different studies reported 
ditlcrent levels of impact to infauna tTom the effects of bait ha~vesting callianasid 
shrimp. Wynberg et al ( 1997) looked at Callianassa kraussi in South Africa, whilst 
Skilleter et al (2005) studied Tiypaea australiensis (Dana) in Australia. Wynberg et al 
( 1997) found that the effects of trampling whilst bait harvesting caused a significant 
reduction to infauna abundance, but did not affect the number of species, whilst 
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Skilleter et al (2005), using both mensurative and manipulative experiments, found that 
bait harvesting neither affected number of individuals or taxa, Although, the 
mensurative experiment was probably spatially flawed as the magnitude of the 
difference between reference locations often exceeded those between reference 
locations and the harvested location. This suggested that the natural variation at the 
spatial scale measured was brreater than any impact caused by the bait harvesting. Even 
though in fauna response variables sites were found to be significantly different between 
sites in this present study, sites could not have been situated any closer without 
confounding the· experiment due to proximity. 
Effects of crab-tiling on infaunal assemblages 
lnfaunal assemblages varied significantly between estuaries (Figure 3.9), which also 
differed in mean grain size. Association between macrofauna and sediment mean grain 
size was described by Prober! (1984) and Thrush et al (2003). Whilst most taxa 
occurred in all three estuaries, such as H. ulvae. M. baltltica and N. diycrsico/or. some 
were only present in certain estuaries. For example, cockles C edule, Cirratulidac, C 
crangon, Gammams spp., and Melinna crista/a (Sars) were found in the Y calm and the 
Avon but not the Erme. While some species, such as Tipulidae larvae were only found 
in the Ycalm, or only in the Ennc, such as Cvatl111ra carinata (Kri:iyer). 01 the five 
species of Oligoehacta recorded in this study, T benedii, T pseudogaster and P. 
li!Oralis were present in all three estuaries, whereas Enchytracidac was only present in 
the Y calm and the Avon, and H. costa/a was only present in the Enne and Avon. 
Estuaries are complex systems, which vary considerably 111 gcomorphology, 
hydrography, salinity, tidal characteristics, sedimentation, and ecosystem cncrgetics; as 
a result, biotic assemblages also differ substantially (Kennish 2002). 
lnt:1unal assemblages responded to the impacts caused by crab-tiling most sensitively in 
the muddiest estuaries (Ycalni and Ermc), while in the sandicst estuary (Avon), no 
significant treatment effects between infauna assemblages were detected (MDS: Figure 
3.12, ANOSIM: Table 3.14). Nevertheless, 16 out ofthe 21 taxa inthl: Avon, which 
contributed to over I 'Yo of the dissimilarity, were more abundant in the not trampled 
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treatments than the trampled treatments (SIMPER: Table 3.15). The lack of a significant 
difference between treatments could be due to the fact that because the sediment is less 
penetrable, and the mean grain size is larger than in the other two estuaries, the 
sediment is more stable, and hence was affected less by disturbance. Elucidation of the 
potential mechanisms associated with species interactions were beyond the scope of this 
study and would require manipulative laborator:y experiments. It does seem that the 
muddier an estuary was, the more impacted it was by the disturbance, and therefore, 
crab-tilers should be encouraged to lay their tiles in sandier areas in order to limit the 
impact they have on in fauna. 
In both the Yealm and the Erme, infauna assemblages clustered depending on whether 
the treatment was trampled or not trampled1• Therefore, 'control' plots and 'tiles only' 
plots clustered together, as did 'crab-tiled' and 'just trampled' plots (Yealm MDS: 
Figure 3.1 0, Erme MDS: Figure 3.11 ). 
Crab-tiling did not tend to affect the number or identity of taxa which resided in the 
sediment, but did change the number of individuals of each taxon (Yealm SIMPER: 
Table 3.9, Enne SIMPER: Table 3.12). Most taxa were more abundant in the not-
trampled treatment. Annelids were particulary sensitive, such as the oligochaete T 
benedii which was more abundant in the not-trampled treatments than the treampled 
treatments in all three estuaries (Y calm: Table 3.9, Em1e: Table 3.12, Avon: Table 
3.15). Other taxa which build semi-permanent burrows, such as C. carina/a, would be 
expected to be disadvantaged by the associated effects of trampling, which may cause 
sediment instability. There was however, vi11ually no difference of this species between 
treatments. Warwick et al ( 1991) refers to H. ulvae, M. balthica and N. hombergi as 
'robust species' which are 'capable of withstanding rigours of mobile sediment'; 
however, in the Yealm abundances of burroWing M. balthica and N. hombergi, are less 
abundant in trampled treatments than in not trampled treatments. Only the cpifaunal 
species, H. ulvae, occu1Ted in greater abundances in trampled treatments (Table 3.9). 
Nevertheless, in the Ennc, H. ulvae were found in lower abundances in trampled plots 
than in not trampled treatments. This suggests that the disturbance caused to infauna 
from crab-tiling vary according to species and Gill be spatially variable. Differences 
observed in the abundance of cc11ain species may be related to the effect that crab-tiling 
had on the surface rugosity of the sediment. Pits and troughs in sediment have been 
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found to increase variation in the abundance of crustaceans ~McLusky et al 1983) and 
polychaetes (Longbottom 1970). This pattern has been attributed to the accumulation of 
organic matter ('Longbottom 1970); however there was no difference of organic content 
between treatments in this study. 
The impact of crab-tiling also caused the variability of infauna assemblages to be 
greater in trampled treatments than not trampled treatments (Yealm IMD:Table 3.8, 
Enne IMD:Table 3.1 0). Increased variability due to disturbance was also shown by 
Warwick and Clarke (1993 ), who described four other marine systems which responded 
to stress by increased variability. They explained that this was either due to an increase 
in variation of the abundance of the same species, or due to a change in the suite of 
species present. In the present study, it appears to be the former. Most of the species 
were found in both not-trampled and trampled samples, but the abundance was lower in 
trampled samples. Of those species which were only found in one treatment, their 
abundance was relatively low, and therefore their lack of presence in the other treatment 
could be down to chance alone. Of .all the taxa which contributed to over I% of the 
dissimilarity between treatments, C. crangon occurred only in the trampled treatment in 
the Yealm. However, in this experiment, sites were only disturbed for I month and 
areas which arc commercially tiled may be disturbed continuously. Hence over longer 
timescales local species extinctions could result ti"om extended periods of disturbance. 
Ef(ect o{ Carcinus maenas on i11/cwna assemblages 
During this experiment, the effect of digging behaviour by C. maenas was indirectly 
observed by the presence of grey mounds of sediment outside of tiles inhabited by crabs 
(Figure 3.13 ). Presumuably this mud was more anoxic, due to the darker colouration 
than the general surface of the mud, however the potential effects to in fauna as a result 
of crab digging activity was not examined in the present study. An increase in the 
number of C. maenas to the area may also mean increased predation pressure on the 
inhmna. Crabs leave tiles during high tide (see Chapter 5); therefore, to measure the 
effect of predation, expetiments would need to be set up using cages around the tile to 
ensure that crabs were not feeding in nearby control plots (Como et al 2006). 
Impacts of C. nwe1ws on in fauna have previously been found by Femandes et al ( 1999) 
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and Schratzberger and Warwick ( 1998), though Thrush ( 1986) and Raffaelli et al ( 1989) 
found little impact of increasing densities of C. maerws on infauna. Crab-tiling 
increases crab densities in estuaries (see Chapter 2), and is likely to ·localise crabs to 
tiled areas in estuaries, as crabs are only likely to remain intertidally during l'ow tide if 
there is sufficient cover .(Crothers 1968, Klein Breteler 1976). Increased abundances of 
crabs may further increase the predation pressure of C. maenas on the infauna prey 
species, and therefore should be considered and measured. 
lnter-estuaty variation of abiotic factors 
The sediment grain size was significantly different between sites and estuaries (Table 
3.17), and the organic content of the sediment was higher in the Yealm than in the other 
two estuaries (Erme and Avon) (Table 3.18). Estuaries are known to differ due to many 
static and dynamic environmental factors. These are discussed by Warwick et al ( 1991) 
and may account for the difference found in species assemblages between estumies 
(Figure 3.9). The penetrability of the sediment was significantly greater in 'crab-tiled' 
plots compared to 'control' plots in all estuaties (Table 3 .16, Fi~:,JUre 3 .•14); therefore, 
crab-tiling may increase thixotropy in· muddy-sandy estuaries. There was no significant 
difference between the penetrability of the sediment in 'tiles only' and 'controls' ·in any 
of.the estuaries, suggesting that the addition of crab-tiles to pristine estuaries (without 
trampling) had little if any effect on the penetrability of sediment. This does not help 
with the management of crab-tiling however, as in order to use tiles to harvest crabs it is 
inevitable that the surrounding sediment becomes trampled. However, efforts could be 
made to reduce the direct trampling impact, by conducting a study into the use ofless 
mud impacting footwear or the installation of pennanent structures, such as pl'astic 
netting (Dr. Pete Cotton pers. comm.), to see whether they can reduce the impact of 
trampling on infauna. A further management strategy of crab-tiling may be to organise 
crab-tilers so that they service their tiles using a rotational system. 
The difference between crab-tiled plots and trampled plots was inconsistent between 
estuaties. In the Yealm, which was the muddiest estuary with the smallest mean grain 
size, the .tiles appeared tohave a stabilising effect which lessens the impact of trampling 
on the penetrability ofthe sediment. 'Crab-tiled' plots were significantly less penetrable 
than 'trampled only' plots (Table 3.16, Figure 3.14). In the Enne, however, which had 
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the intermediate grain size of the three estuaries, there was no significant difference 
between 'crab-tiled' and 'trampled only' plots (Table 3.16, Figure 3.14). In the sandiest 
estuary, the Avon, conversely to the Yealm, 'crab-tiled' plots were more penetrable than 
'trampled only' plots (Table 3.16, Figure 3.14), and there wa<> no significant difference 
between 'trampled only', 'tiles only' or 'controls', which suggests that it was neitherthe 
effects of the tile nor the trampling in isolation, but the combined additive effects of the 
two, and potentially, the other disturbances, which were unique to 'crab-tiled' plots, 
such as, clearing tiles of sediment, and removing crabs from the tiles. To tease out 
whether it was the additive effects of the tile and the trampling or •because of the effects 
of harvesting crabs from the tile, a fifth treatment would need to be incorporated in to 
further experimental designs with trampling and tiles without the tiles being collected 
from, 
The smaller difference between the penetrability of sediment in trampled plots to not-
trampled plots in the Avon than the other estuaries could be due to the presence of mute 
swans Cygm1s a/or, which were observed trampling through the experimental grids in 
both years of sampling ('Figure 3.16). The effect of the swans trampling may have 
reduced the ability of the experiment to detect treatment effects. In the other two 
estuaries, it was known that the experimental grids were relatively undisturbed as the 
paths, which were trampled during the experiment were clearly distinguishable from the 
untrampled plots, whereas treatments within experimental grids were hard to visually 
identify in the Avon from sediment rugosity alone. Previous studies have found that 
fisheries, which affect the surface heterogeneity of the sediment, cause organic matter to 
accumulate in pits, and therefore changes the distribution of the organic content 
throughout the sediment ~Longbottom 1970). It would be expected that this would cause 
patchiness to the distribution of infauna. In this study, organic content was measured 
from between .tiles and was not affected by crab-tiling (Table 3.18), however, if samples 
were taken from underneath the tiles, where pools of water form during low tide, the 
organic content may have been much greater. This may also be the case with sediment 
grain size. The mean Phi was not affected by crab-tiling (Table 3.17), when 
measurements were taken between tiles, but tiles may cause finer sediment particles to 
accumulate beneath them. Similar effects have been observed with intertidal oyster 
trestles on muddy sand flats jn the Exe Estuary, south-west England (Nugues et aJ 1996). 
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Recovery of the sediment 
Significant differences between crab-tiled plots and control plots in the penetrability of 
the sediment were still evident after 7 weeks in the sandier estuaries Erme and the 
Avon, and after 22 weeks in the muddiest estuary, the Yealm (Figure 3. 15, Table 3.1 9). 
Should crab-tiling be stopped in certain areas of estuaries and no other bait collecting 
activities were to take place, based on the penetrability of the sediment (which may be 
associated with number of individuals) muddy/sandy estuaries should 'recover' within 
22 weeks, whereas muddy estuaries could take more than 22 weeks to recover. It is still 
unknown how long foot-holes in muddier sediments take to recover, as after 22 weeks 
there was sti ll a difference in the mean depth penetrability of 35 mm (Figure 3.15). 
Using the relationship between sediment penetrability and abundance of infauna as a 
smTogate for the recovery of the biota needs to be formally tested before it could be 
used for environmental management purposes. 
This study found that the effects associated with crab-tiling were mostly attributable to 
the effects of trampling, and that the magnitude of these effects was dependent on 
sediment type. The impact of trampling may be reduced if the frequency of trampling 
was reduced, though this was not measured here and should be examined to assist the 
future management of crab-tiling. Overall, to reduce the impact of crab-tiling on infauna 
assemblages, the results of this study suggest that tiles should be laid in sandier 
sediments rather than on mudflats. 
Figure 3.16 Mute swans Cygnus olor trampling through experimental grids in the Avon. 
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Effects of crab-tiling on ecosystem fimctioning 
Disturbed sediments often support fewer species but greater numbers of individuals than 
undisturbed sediments (Clarke and Warwick 1994). Although, in the present study 
fewer individuals and taxa were found in disturbed plots than in control plots, the 
system may not have had time for the abundance of species which are oppmtunistic and 
more tolerant to disturbance to increase in abundance. lnfauna play a significant role in 
the ecosystem functioning of estuaries. A decrease in overall abundance of individuals 
means that there is a decrease in the potential' food supply for wading shorebirds 
(Zwarts and Wanink 1993) and estuarine fishes (Dipper and Powell 1984), and 
bioturbating fauna. Some .bioturbators have an important influence on sediment 
charactieristics making it more habitable for other species (Gallagher et a! 1983; 
Schlacher and Wooldridge 1996; Wynberg and Branch 1994). For example, this study 
found that Spionidae occurred in lower abundance in the not-trampled1 treatment than 
the trampled treatments in all three estuaries sampled. This family is important in 
structuring eo-occurring infauna assemblages, as their tubes in the sediment facilitate 
the settlement of other fauna (Gallagher et al 1983). Similady, thallassinid shrimps, 
whose presence affects many sedimentary biogeochemical processes (Schlacher and 
Wouldridge 1996), dii·ectly influence the structure of meio- and macro-fauna 
assemblages (Wynberg and Branch 1994). Also, a reduction in the number of 
bioturbators could lead to 'functional extinction' of fauna making species unable to 
contribute to ecosystem processes (Dayton et al 1998); fm' example, by decreasing the 
direct release of nuliients into the water column through the oxygenation of the 
sediment and particle erosion (Cadee 1976, Brenchley 1981'). The ecosystem effect of 
this reduction could be a decrease in primary production from plankton which utilise 
these nutrients (Nedwell et al 1999, Henriksen et al 11980). Falcilo et al ,(2006) found 
that bait harvesting caused less phosphorous to be released into the water column. In 
order to test this model, further laboratory and field manipulative experiments would be 
required. 
The magnitude of any of these effects previously discussed could be further modified 
depending on species body size and density (Thrush et al 2003 ). Physical activities of 
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crab-tiling were found to have different magnitudes of effect on cohorts of the same 
species. In the Yealm, crab-tiling had a greater effect on adult N. hombergi, which were 
32% less abundant· in ·tiled plots than control plots, whereas in the Erme, juvenile N. 
hombergi were only 19% less abundant between treatments than adults. Smaller animals 
may be less profitable as prey items than larger fauna providing larger animals do not 
require a significantly longer handling time. Also, larger animals are more significant 
burrowers. Adult N. diversicolor occasionally constructs deep U shaped burrows, which 
it iHigates through undulating its body laterally (Christensen et al 2000) promoting 
deeper layers of the sediment to be oxygenated, which stimulates both .nitrification and 
denitri fication. 
lnfauna perform a variety of ecological roles which are vital for the functioning of 
estuaries, and therefore it is necessary that further research is conducted and 
management strategies enforced to ensure that the impact to infauna from disturbance of 
crab-tiling does not exceed that which· the ecosystem can tolerate without losing 
function. 
Cot/elusion 
This study found that the physical activities of crab-tiling in estuaries caused an increase 
in penetrability of the sediment, together with a decrease in the nmi1ber of both 
individuals and taxa, and in the muddier estuaries the Yealm and the Enne, the 
composition of in fauna assemblages to change. 
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Chapter 4 : The impact of crab-tiling on wading shorebirds' 
abundance and feeding behaviour in estuaries. 
Inta:oduction 
Shorebirds are ·increasingly threatened by anthropogenic disturbances, which occur 
within estuaries in the UK (Hill et al 1997). Estuaries are important habitats for 
residentia~ bird populatim1s and also provide an important stop-over point for mif,'Tating 
coastal seabirds (Goss-Custard and Verboven 1993). Crab-tiling is a method of 
·Collecting crabs for fishing bait in estuaries in England, which involves hard substrata 
such as plastic guttering or ceramic roof tiles being laid intertidally on mud flats or 
muddy sandt1ats to attract moulting shore crabs Carcinus maenas (L.), which reside 
under tiles during low tide. Whilst birds are foraging during tidal emersion, so are crab-
tilers, systematically lifting each tile in tum, collecting any peeler crabs (crabs in a state 
of pre-ecdysis), removing any other crabs residing in the tiles, and clearing the tile area 
of any accumulated sediment. Crab-tiling therefore occurs at the same time and place as 
feeding shorebirds. 
Thousands of tiles are laid in estuaries in south west England, which are subject to a 
host of regional, national and international environmental legislation to protect coastal 
seabirds and their habitat. For example, the Exe estuary (Devon), which has the highest 
number of crab-tiles in the south west, has been designated a SSSI (Special Site of 
Scientific Interest) under the Wildlife and Countryside Act 1981, a Ramsar site 
(convention on Wetlands of International Importance), and a SPA .(Special Protection 
Area) under the 1979 EC Birds Directive, because of its importance for large numbers 
of wading and migratory birds. The Exe estuary is also recognised and protected under 
European Union law, as part of the Natura 2000 series of protected habitats. 
Conservation organisations (such as Natural England and Devon Sea Fisheries 
Committee DSFC) therefore have legal power and obligation to protect these estuaries, 
which are of international importance to birds. Environmental managers arc concerned 
that 'the presence of crab-tiles and crab~tilers may affect the birds' ability to feed. This 
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is of the utmost importance as over-wintering birds must survive in a good condition in 
order to migrate to breeding grounds in the spring (Goss-Custard et al 2003); 
Anthropogenic disturbances to shore birds have been extensively studied (Gill et al 
2001, Goss-Custard and Verboven 1993, West et al 2002, Coleman et al 2003); 
however the potential effects of crab-tiling on shore birds has not. There are three 
aspects of crab-tiling which may cause wading shore birds to be disturbed whilst 
feeding in estuaries. The first is the physical presence of a person which may be 
perceived as a predator, the second is the presence of tiles creating a three dimensional 
heterogeneous habitat in what is normally an open soft sediment environment. The third 
is the effect that both of these factors may have on the abundance and quality of other 
fauna in the estuary, which are prey items for wading shorebirds. 
Effects oftlze crab-filer 
The presence of people in the vicinity of feeding birds causes changes irt bird 
distribution in estuaries (Goss-Custard 1980) and bird behaviour (Urfi et al 1996). 
Disturbance by shell fishennen caused the displa~:ement of Dunlin Calidris alpina (L.) 
to altemative feeding grounds which were less profitable with lower prey densities, and 
a higher density of conspecifics (Cuenca and H011as 1999; Goss-Custard 1980). Whilst 
the latter is likely to reduce the feeding efficiency of an individual bird, the risk of 
predation could be decreased due to the increased group density (Goss-Custard 1980). 
Group benefits may also allow individuals to spend more time feeding (Coleman et al 
2003). However increased human disturbance was not tound to affect bird numbers, for 
Godwits Limosa sp. (Gill et al 1996) on the cast coast of England or Oystercatchers 
Haematopus oslralegus (L.) in south west England (Goss-Custard and Verboven 1993). 
Previous studies have found that the presence of people does affect the feeding 
behaviour of foraging shorebirds. "J:he extent of the effect is dependent on; the noise 
level of the disturbance, the amount of activity, and the number of people in a group. 
Boer and Longamane ( 1996) found a positive correlation between the minimal approach 
distance (MAD) of shorebirds in Mozambique and the number of people disturbing 
them, which supp011s the perceived predation 1'isk 1i10dcl (Scale and Monaghan 2004). 
The behaviour of a crah-tiler is usually a slow, solitary, quiet one and therefore should 
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cause minimal disturbance (Goss-Custard and Verboven 1993). If birds do perceive 
crab-tilers as predators then the level of vigilance whilst feeding would increase, which 
would lead to a decrease in the bird's feeding efficiency. However, birds habituate to 
frequent, low level disturbance (Urfi et a! 1996). Therefore the disturbance caused by a 
crab-tiler could be minimal. If birds are slightly disturbed then it is likely that the 
disturbance can be compensated for e.g. birds can feed at night depending on the time of 
low tide (Goss-Custard and Verboven 1993; Zwarts et a! 1990) and during high tide in 
nearby fields (Velasquez et a! 1991 ). Nevertheless feeding is not the only necessary 
activity that birds have to carry out, such as preening, and fighting to mcreasc or 
maintain their dominance rank ('Ens and Goss-Custard 1984 ). 
Ef/Ccts o(the crab-tiles 
.. . 
The installation of crab-tiles in an estuary causes a local habitat change to the feeding 
grounds of the foraging birds. The abundance of birds oystercatcher H. ostralegus, 
curlew Numenius arquata (L.), black-.headed gull Lams ridibundus (L.) and common 
gull Lams canus (L.) were found to be significantly reduced around oyster trestles laid 
on mudtlats (Hilgerloh et al 2001). However the abundance of redshank Tringa to/anus 
(:L.) ami dunlin C. alpina between treatments was not signiticantly different. Therefore 
crab-tiles could lead to a decrease in the abundance of birds in the area. Not all birds 
react similarly to a disturbance e.g. younger birds arc generally more wary which results 
in a higher MADs (Hoer and Longamanc 1996). There arc also differences in the 
disturbance tolerance of species; territorial redshank T. to/anus (Goss-Custard and 
Verbovcn 1993) arc ohcn not affected by disturbance (Hilgcrloh et al 2001 ), and if 
disturbed, are one of the first species to recover (Willis and Evans 1999). In contrast 
curlew N. arquata are one of the first birds to tly away when disturbed (Burton et al 
2002; Willis and Evans 1999). Birds of the same species are also known to alter their 
level of reaction to disturbance depending on the availability of resources. For example, 
food availability, particularly the reduction in prey towards the end of Winter (Stillman 
et al 1996) alters the response ofbrcnt geese Branta bcmicla (L.) to disturbance (Owcns 
1977). Therefore, ctlccts of disturbance may be detected at the scale of the species, and 
fl·om short timcscales to seasonal effects. 
For those birds which do .forage within tiled areas, a change in their behaviour may still 
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indicate a level of disturbance which may affect the long term health of the population. 
Due to the density of the crab-tiles and the fact that they protrude above the observing 
heads of many foraging wading birds, the tiles may inhibit the birds' ability to detect 
oncoming predators or conflict from con-specifics, compared with birds foraging on 
open mudflat. Traditionally feeding and vigilance were thought of as mutually 
exclusive (e.g. Bertram 1980, Hart and Lendrem 1984); however it is increasingly 
thought that animals can maintain vigilance at a lesser degree whilst feeding, even when 
the head is down (Guillemain et a] 2002). Crab-tiles would certainly obstruct bird vision 
whilst their heads were down tl':eding. Foraging near crab-tiles could therefore be a 
more dangerous place to feed than in open areas of the estJ.!ary. This could be a trade"off 
though, as conversely, tiles may provide,cover and protection to the birds. 
indirect e,ffects of both the crab-tiler and the crab-tiles 
In addition to the potential physical disturbance to shorebirds, crab-tiling could also 
indirectly affect the health of bird populations. In order to service the tiles the crab-tiler 
must repeatedly trample nonnally undisturbed, or relatively infrequently disturbed, 
sediment. 'f;rampling is well known to alter infaunal assemblage compositions, which 
arc the prey of the wading shorebirds (see Chapter 3). Disturbed sediment has also been 
found to reduce the foraging efficiency of wading shorebirds (e.g. Semi-palmated 
sandpiper Calidris pusilla (L.), Shepherd and Boates 1999). 
The potential indirect effects of tiles on typically soft sediment substrata are unclear. 
Tiles may aggregate food supply for shorebirds which would naturally be found in 
estuaries, e.g. crabs and gobies, Or the introduction of a hard substratum into this 
habitat may introduce new species, e.g. rocky shore species or invasive species 
(Southward et a] 2004), which could alter surrounding assemblages (see Chapter 5). 
A:lso, crab-tiles form pools of water which could potentially fill with freshwater in 
cc11ain weather conditions; birds could use these as drinking water and for preening and 
so may aggregate around the tiles. Ravenscrot1 and Bcardall (2003) tound ·higher 
numbers of birds near freshwater outfalls than further away. Birds also use the pools 
fonned by the tiles to fish for sand gobies trapped there (pers. obs.). The tinal indirect 
eftect which may adversely affect shorcbirds is the removal of the crabs. Shorebirds 
have previously been shown to be in conflict with other estuarine lisheries, such as the 
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oystercatcher H. ostralegus competing for cockles Cerastoderma edule (L.) and mussels 
Mytilus edulis (L.) (Goss-Custard and Stillman 2004; Goss-Custard et al 2003). The 
results of Chapter two showed that crab numbers are significantly higher in estuaries 
which are commercially crab-tiled, but that crabs tend to be smaller. These effects could 
have an effect on shorebirds. Crabs are not only a potential food source for many 
shorebirds but also a prospective competitor to the birds for other prey items, such as 
polychaetes and molluscs. A previous study, however, showed that an increase in C. 
maenas to an area had no effect on the shorebird abundance in the estuary (Grosholz et 
al 2000). Also, current estimates in the Exe Estuary show that many of the birds 
including tA.e once rare little egret Egretta garzella (L.) and avocet Recurvirostra 
avosetta (L.). are thriving and increasing in abundance every year (Price and Price 
1997). 
Aims of Chapter 
Chapter three investigates how crab-tiling atlects the infauna, which are prey to many 
wading birds (Zharikov and Skilleter 2003, Goss-CustarcJi and Verboven 1993, 
Quammen 1982). This Chapter focuses on· the direct effects of crab-tiling on feeding 
shorebirds. To examine whether shorebirds are directly atlected by commercial crab-
tiling this study is split into two parts over two consecutive winters. Hypotheses relating 
to the effect that crab-tiling had on the distribution of birds within estuaries were tested 
in the first year. The effect that crab-tiling had on the behaviour of the birds was 
examined in the second year based on hypotheses generated as a consequence of the 
results of experiments undet1aken in the first year. The methodology and results section 
will therefore be split into two parts, Pat1 I will test the hypotheses: 
HI In areas o{ the shore where crab-tiles are present (tiled siles) there will be 
significantlv.kwer birds than areas without crab-tiles (not-tiled). 
H2 There will be significantlv less bird diversit)l in tiled sites compared to not-tiled 
sites. 
H3 There 111ill be a di[(erent assemblage o{birds in tiled sites compared to nut-tiled sites 
Birds were found similarly dispersed amongst tiled and not-tiled areas, although, 
anecdotal observations were made that some species of birds were actually using crab-
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tiles to feed from, e.g. the little egret E. garzelfa foraged in small pools of water which· 
collect around crab-tiles to catch sand gobies, and redshank T to/anus were observed 
pecking at epifauna growing on tiles. Hypotheses were therefore generated to examine 
whether birds actively chose to forage near tiles and if their feeding behaviour was 
modified by the presence-of the tiles; these are examined in part 2: 
Away vs next-to crab-tiles 
Hi. Birds spend more time per unit area next-to tiles than away from tiles. 
H2. The percent oftime that birds spend .feeding nexHo tiles is higher than when they 
are away .from tiles 
H3. Theproportion of time spent vigilant .feeding (PECK vs PROBE+ DIVE, Table 4.1) 
is higher away.fi·om tiles than next-to tiles. 
H4. The proportion a_( time that birds exhibit each behaviour (1. WKNF, 2. STNF, 3. 
Peck, 4. Probe, 5. Dive: Table 4.1) will be more dissimilar between birds which are 
foraging 'away.fi·om tiles· to birdsforaging ·next-to tiles· than birds' behaviour within 
treatment. 
Not-tiled vs crab-tiled areas 
H5. The percent o_( time that birds spend feeding is higher in tiled sites than not-tiled 
sites. 
H6. The proportion a_( time spent vigilant feeding (PECK l'S PROBE+ DIVE, Tabl'e 4.1) 
is higher in a not-tiled site than a tiled site. 
H7. The proportion o(time that birds exhibit each behaviour (1. WKNF, 2. STNF, 3. 
Peck, 4. Probe. 5. Dive. Table 4.1) will be more dissimilar be!lveen birds which are 
foraging in the '1wHiled ·site to birds(oraging in the 'tiled· site than birds' behaviour 
within treatment. 
It was also hypothesised that due to depleting prey resources (Stillman et al 1996; 
Owens 1977), birds observed in· the late winter would spend more time feeding than in 
the eady winter, associated with hypotheses I and 2, and that they would spend less 
time feeding vigilantly in. the late winter, associated with hypotheses 5 and 6. 
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Material and methods 
Part 1- Distribution of birds in tiled estuaries 
Study site and experimental design 
The experiment was conducted between November 2003 to February 2004 in south-
west England in the Teign Estuary at Combeinteignhead (50" 32' N, 3" 32' W), and the 
Exe Estuary near Lympstone (50" 38' N, 3· 25' W) (Figure 4.1 ). Estuaries were selected 
for their known wintering coastal sea bird populations (Price and Price 1997, David 
Price RSPB pers. comm.) and because they are the two most heavily commercially tiled 
estuaties (Black 2004). 
1. Exe Estuary 
2. Teign Estuary 
50 km 
Figure 4.1 Estuaries used in this study to examine the disturbance of crab-tiling on bird behaviour. 
All sites were selected along the low-mid shoreline mid estuary, in areas of sandy-mud. 
Tiled sites were a minimum of three rows deep, 50 m wide and 150 m away fi·om the 
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next nearest site. Not-tiled sites had no crab-tiles present and were also 50 m wide and 
150 m away from the next nearest site. Not-tiled sites and tiled sites were interspersed 
along the shore. 
Two not-tiled sites and two tiled sites were selected in each estuary. Sites were visited 
ten times over two sampling seasons, five observations were made for each site in each 
sampling season. Observations for the first sampling season were made from 25 111 
November to 11 111 December 2003 (early winter). The second set of observations was 
made from 3rd February to 6111 March 2004 (late winter). Sampling seasons were selected 
a_t the beginning and at the end of the winter as it was expected that due to depleting 
prey resources towards the end of the winter (Still man et al 1996) that birds would be 
under more stress to feed and therefore behave differently between sampling season 
(Goss Custard et al 1996; Stillman et al 2000). A 20-60 x telescope was used which 
enabled observers to have a clear view of the entire study area without disturbing the 
birds. 
Each site was.observed for five minutes trom the same position on the shore. Every bird 
that wandered through the site foraging was identified and recorded. Site markers were 
important to use as the movement of birds through the estuary was heavily dependent 
on the water line. Site counts were theretore coordinated so that the rising water was 
pushing through the site when the birds were counted. Counts started tor each site when 
the rising tide hit the allocated site marker. 
Sites were chosen so that the rising tide tirst hit tiled site one then not-tiled site one, 
followed by tiled site 2 and not-tiled site 2. The time between counts was maximised to 
reduce the same birds pushing through all of the sites. To further ensure independence 
of these data, two people were present tor each count to make sure that i fthe same birds 
did occur in the san1e sites, then they were not counted again. Observers an·ived at least 
30 minutes before the start of the observation and sat above the strand line and below the 




H l ln m:eas of the shore where crab-tiles are present (tiled sites) there will be 
significantly/ewer birds than areas without any crab-tiles (not-tiled). 
H2 There will be significantly less bird diversity in tiled sites compared to not-tiled 
sites. 
Univariate abundance data: To test for differences in the abundance of birds and bird 
divers-ity between tiled and not-tiled sites, two separate 3-factor ANOV As were used. 
The factors 'time' and 'treatment' were fixed whilst 'estuary' was random. All factors 
were orthogonal and had two levels: 'time' (early winter and late winter), 'estuary' 
(Teign and Exe), and 'treatment' (not-tiled and tiled). The replicate was the number of 
times each site was observed, which was five. The assumption of homogeneity was 
tested with Cochran's C ·test. The 'bird abundance' data were heterogeneous and could 
not be resolved through transfonnation. Data were analysed untransfonned' as ANOV A 
is robust to heterogeneous data with balanced desi!:,'llS and large sample sizes 
(Underwood 1997). 
H3 Bird assemblages will be significantly different between not-tiled sites and tiled 
sites. 
Multivariate abundance data: To detect whether the assemblages of species were 
different between treatments, species abundances were analysed using the statistical 
package PRIMER (Clarke and Warwick 1994). Data were fom1h root transformed. 
Bray-Curtis similarity coefficient (Bray and Curtis 1957) was employed to create a 
similarity matrix which gives a single measure of similarity between each site. 
Similarities were ranked and a two dimensional 'Non metric multi-dimensional scaling' 
(nMDS) ordination was produced. The differences which had hypotheses relating to 
them were investigated with a two-way 'Analysis of similarities' randomization test 
(ANOSIM) (Clarke and Green 1988; Clarke et al 1993), the two factors were 
'treatment' and 'estuary'. The 'Similarity percentages' (SIMPER) routine (Clarke and 
Warwick 200 I) was used to highlight those species which contributed greatest to the 
quantity ofdissimilarity between the significant factm 'estuary'. 
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Material and methods- Pad 2- The effect of crab-tiling on the feeding 
behaviour of birds. 
Study site and experimental design 
Sampling eff011s were focused in the second year on the Exe Estuary due to the limited 
number of waders observed in the Teign Estuary in the first year of sampling. Due to 
the scale of bird movement observed in estuaries during the first experiment, it was 
decided that I large control site and I large tiled site was more suitable than 2 small 
sites for each treatment to ensure that birds were not counted twice. This meant that 
there was a much lower risk of pseudo-replication, as birds were unlikely to move with 
the observer to the next site. Therefore I large control site near Powderham (50° 39' N, 
3° 27 W) and' I large tiled site in Starcross, (50° 3 7' N, 3° 26' W) were allocated within 
the estuary five miles apart from each other. Observations were made over two time 
periods. The first ran from 25th November to 15th December 2004, and the second ran 
from 28th January to I oth February 2005, referred to as early winter and late winter 
respectively. 
The substratum in each site was muddy sand. Both sites were considered mid-estuary. 
Observations were made within two hours either side of low tide. 
There was great variation 111 the numbers of individuals and species sighted during 
experiment I (Table 4.2, Figure 4.2) with many species being represented by one or two 
individuals for any given sampling date. Since this experiment was testing hypotheses 
about behaviours exhibited, species were selected such that representative individuals 
could' be reliably observed in the test locations. Using multiple species would mean that 
many observation days would have zero observations for many species thus reducing 
replication and hence power (Underwood 1997, Chapman 2000). Maximising the 
power of the experiment would minimise the risk of type 2 error rates should the 
statistical analysis of the data cause retention of the null hypothesis and reduce the 
chance of a significant resull being a type I error ~Underwood 1995; 1997). Therefore, 
two different species of wader were selected based on their greater abundances observed 
in the first year of this study and their difference in size and .feeding strategy. Redshank 
Tringa to/anus; which is a relatively small animal (length = approximately 280 mm) 
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that feeds predominantly by sight on small crustaceans, such as Coroplzium volutator 
(Pallas). The second bird chosen was curlew Numenius arquata; a much larger bird 
(length = approximately 550 mm) which is known to feed on C. maenas, the target 
species·of crab-tiling but mostly feeds by touch, using its long bill to probe deep into the 
sediment for polychaetes (Table 4.4). 
In each sampling season 30 observations were made for each species in each treatment 
using a 20-60 x telescope. Position of the observer remained constant, above the 
strandline and below the skyline so as not to affect the behaviour of the birds (Carless 
pcrs. comm.~. Individual birds were selected haphazardly and were only recorded once-
per day to avoid pseudo-replication (Coleman et al 1999). Each individual observation 
was .five minutes in length and involved the observer watching the selected animal 
dictating its behaviour into a• dictaphone. Specific behaviours were identified prior to 
the start of this experiment from observations made of wading shorebirds. It was 
decided that all of the birds feeding associated behaviours could 'be encapsulated into 
live different categories: I. Standing not feeding, 2 Walking not feeding, 3. Pecking 
(walking, quick pecks), 4. Probing (slow walk, l!_mger duration pecks, probing deeper 
than a peck into the sediment), 5. Diving (standing, with whole bill in the sediment and 
bird' s rump in the air. Sec cthogram (Table 4.1) for full description. More behaviours 
could have been identified and recorded, however the purpose of the experiment was to 
test hypotheses relating to birds' feeding behaviour/vigilance in response to crab-tiles. 
These behaviours enabled us to distinguish between birds that were: moving or 
stationary; feeding or not feeding; standing and feeding or moving and feeding; and the 
position of the head whilst feeding, which also has implications when measuring the 
relationship between feeding and vigilance (Guillemain et al 2002). 
When observations were being made in the tiled site the proximity of a bird to a tile was 
also differentiated. This was so that the behaviour of birds could also be compared to 
whether it was next to a tile (within one birds length) or away ti'om a tile (further away 
from a tile than one birds length) as well as comparing bird behaviour between a not-
tiled or .tiled area. There tore tor the tiled treatment there were ten different .behaviours 




Behaviours were recorded as a behavioural state, not as an event, on one focal animal at 
a time. This means that for every bird, the duration of specific behaviours was recorded; 
once one behaviour stopped another instantly began as the birds were always behaving 
under the criteria of one of the ·behaviour categories stated (Table 4.1). Recordings of 
these ·behaviours from each replicate bird (240 in •total) were transcribed in .real' time 
onto 'Observer' 3.0 software (Noldus Technology, Waginengen 1996). The 'observer' 
program was used to calculate the proportion of each behaviour exhibited for •each 
replicate bird' within the five minute observation. The density of the tiles was also 
quantified so within a tiled area, it could be calculated whether a bird' was next to a ·tile 
by choice or by chance. This was done by counting all the tiltes in a JiOx I 0 m area and 
measuring the approximate area around a tile where an intertidal pool is fanned. The 
edge of the pool distinguishes the area of sediment visually changed by crabctiles from 
the natUral homogenous mudtlat. The number of tiles was multiplied by the area that 
one tile influences, to give an approximate area of the shore which is covered by the 
tiles in that particular site. A:ll of the tiles in the area were of a similar size, lay at a 
similar angle, in rows a similar distance from each other both between rows and 
between tiles within rows. 
The number of observations made per day depended on ihe availability of birds, and' the 
condition of the weather. In times of adverse weather conditions, which may affect the 
birds' feeding behaviour, no observations were made. Individual observations had to ·be 
tenninated if the bird flew a large distance away, but if it was just moving. a small way, 
e.g. to avoid a conflict, then the observation resumed when the bird landed; the lost time 
was compensated for at the end of observation. 
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Table 4.1 Ethogram which identifies discrete bird behaviours in order to measure crab-tiling 
disturbance on wading ·birds, 
Behaviour Code Description 
STNF Standing not feeding: This encompasses any static 
behaviour which includes preening, sleeping or just 
standing. 
WKNF Walking not feeding: Bird's head is up, which includes 
conflict behaviour, locomoiion and I jusi walking. 
PECK Walking pecking: Short, quick, shallow pecks whilst 
walking. May be exploratory or for catching surface prey. 
PROBE Walking probing: Longer, deeper probes of the bill .than 
pecks. Walking slower than walking pecking. Can be for 
feeding on prey approximately half a bill length below the 
surface of the sediment, or a trial in locating prey. 
DIVE Standing diving: More prolonged than probing. Bird is 
stationary with its rumpdn the air and full extension of the 
bill penetrating the sediment. 
Data ww~yses 
l-f'l. Birds spend more time pertmit area next-to tiles than away.fi·om tiles. 
The amount of time that each bird' spent next to a tile (within the 5 minute observation) 
was divided by the percentage area of mudtlat which was covered by crab-tiles. The 
amount of time that each bird spent away tl"om the tiles (within the 5 minute 
observation) was divided by the percentage area of the mudtlat which was visually 
unaffected by the crab-tiles. For each individual bird these two figures were ·calculated. 
For each species (redshank and curlew), there were fit1een replicates. Fifteen birds were 
randomly selected to represent either a 'away from tiles' bird from each treatment at 
each time, and the remaining fitieen represented the 'next-to tiles' birds. A two-factor 
ANOVA was conducted twice, once for each species. ·Time· had 2 levels (early winter 
and late winter) and 'Treatment' also had two levels (not-tiled = away ti·om tiles, and 
tiled = next-to tiles). Both were treated as fixed Ollhogoilal bctors. The assumption of 
homogeneity was tested with Cochran's C test. Problems with heterogeneous data 
which could not be resolved by transforming data were analysed untransfonned as 
ANOV A is robust to heterogeneous variance with bal'aneed designs with ilarge sample 
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sizes (Underwood 1997). 
H2. The percent of time that birds spelid.feeding next-to tiles is higher than when they 
are away.fi"om tiles. 
H3. The proportion of time spent vigilant .feeding (PECK vs PROBE+ DIVE. Table 4.1) 
is higher away fi"om tiles than next-to tiles 
Formal comparisons were made to test hypotheses 2 and 3 (2. time spent .feeding, and 3. 
time spent vigilant feeding) using a two-factor AN OVA as described for Hypothesis I, 
followed by post hoc SNK (Student-Newman-Keuls) tests. Redshank and curlew were 
analysed separately, as were the hypotheses, hence tour separate ANOV As were 
undertaken. 
H4. The proportion of time that birds exhibit each behaviour (/. WKNF, 2. STNF, 3. 
Peck, 4. Probe, 5. Dive. Table 4.1) will be more dissimilar between birds which are 
foraging 'away.fi"om tiles' to birds .foraging ·next-to tiles· than birds· behaviour within 
treatment. 
Birds were randomly selected to either represent 'away-from tile' behaviour or 'next-to 
tile' behaviour to ensure independence of the data (Bob Clarke pers. cam.). Only the 
behaviour exhibited away from the tiles was used for the 'away-from tile' birds, and 
vice versa from the 'next-to tile' birds. To compare the similarities of all recorded 
behaviour exhibited by each bird between treatments (small scale) (away from tiles and 
next-to tiles) and times (early winter and late winter), multivariate analyses were 
required. The statistical software package PRIMER was used for the following analyses 
(Warwick et al 1990). Typically PR·IMER has been used to compare 
similarities/dissimilarities between species abundances (variables) between different 
sites (samples). However, in this case the variables were bird behaviour and the samples 
were. individual birds. Data were foU11h-root transfonned. A Bray-Curtis similarity 
coefficient (Bray and Curtis 1957) was employed to create a similarity matrix which 
gives a single measure of similarity between each individual bird with every other bird. 
These similarities were ranked and a two dimensional 'Non metric multi dimensional 
sealing' (nMDS) ordination was produced. Each point oi1 the ordination represents one 
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bird. Birds which behaved most similarly were plotted nearest to each other, whilst 
those which behaved most dissimilarly were plotted further away from each other, 
irrespective of treatment or time. Hypothesized inter-relations between the samples 
(individual birds) based on treatment and time were then tested using a two-factor 
'Analysis of similarities' randomization test (ANOSlM) (Clarke and Green 1988; 
Clarke et al 1993:). ANOSIM generates a value of R which is a measure of how similar 
a set of samples are. A value of Zero represents the null hypothesis (no difference 
between the behaviour of birds between speci lied groups), R= I says that all samples 
(individual birds) within groups are more similar than samples between groups. R can 
have negative values which would suggest that birds between groups were more similar 
than birds within groups. The two factors which were tested were 'treatment' (hot-tiled 
or tiled), and time (early winter and late winter). R-values >0.75 are considered well 
separated (Clarke and Gorley, 200 I). The 'Similarity percentages' (SIMPER) routine 
(Clarke and War.wick 2001:) was used: to highlight the behaviours contributing the 
greatest- quantity of dissimilarity between treatments and times. 
/-/5. Tlte percent of time tltat birds spend(eeding is higher in tiled sites than not-tiled 
site.\·. 
/16. 71le proportion o_{time spent vigilantfeeding(flECK vs PROBE+ DIVE. Table 4.1) 
is higher in a not-tiled site titan a tiled site. 
Hypotheses 115 and /16 which were associated with differences in: I. time spent .feeding, 
and 2. time spent vigilant feeding and were analysed using .two-factor ANOVA as 
described tor 1/vpothesis I. 
/-/7. l'lte proportion of time that birds exhibit each beltaviour (/. WKNF. 2. S1NF, 3. 
Peck, 4. Probe, 5. Dive. Table 4.1) will be more dissimilar betiVeen birds which are 
foraging in the ·not-tiled· site to birds foraging in the 'tiled' site than birds' behaviour 
H•ithin treatment. 
To compare the dissimilarities of behaviour exhibited by each bird •between treatments 
(large scale) (not-tiled site vs crab-tiled site) and times (early winter and late winter), 
multivariate analyses were used as described tor lh>pothesis 4. 
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Results - Part 1: Distribution of birds in tiled estuaries. 
This study observed 941 individual birds comprising 17 different species. 
Univariatc analyses 
ANOVA found no significant ditference with either 'bird abundance' or 'species 
diversity' (number of species) between treatment or·between times; however there was a 
significant difference for both response variables between estUaries (Table 4.2). The 
Exe Estuary supported far higher numbers of individual birds and number of species 
than in the Teign Estuary. In total 428 individuals were counted in the control sites 
(Exe=347, Tcign = 81) and 376 individuals were observed in tiled sites (Exe = 320, 
Teign = 56) (Figure 4.2). 
Tnble 4.2 ANOV A on the effect of crab-tiles on the distribution of birds in estuaries between tiled 
nnd non-tiled sites. n) Bird nbundnnce C = 0.54 P < 0.01 h) Number of species C=0.3.ns. 
a !Bird abundance b) Number of species 
Source of variation df MS F p Of MS F p 
TimeTi 1 21.03 0.42 >0.6 2.5 0.69 >0.5 
Estuary Es 1 11122.2 23.15 <0:001 160 39.88 <0:001 
Treatment Tr 148.23 8.13 >0.2 2.5 6.25 >0.2 
TiXEs 50.63 0.11 >0.7 1 3.6 0.9 >0.3 
Ti X Tr 99.23 2.36 >0.3 1 12.1 1.89 >0.4 
Es X Tr 18.23 0.04 >0.8 0.4 0.1 >0.7 
TiXEs X Tr 1 42.03 0.09 >0.7 1 6.4 1.6 >0.2 
Residual 32 480.39 32 4.01 






























Exe Teign Exe Teign 
Figure 4.2 The difference of mean (+ SE) bird abundance, and mean (+ SE) diversity in not-tiled 
sites compared to tiled sites in estuaries. For both variab les (bird abundance a nd bird diversity), 
treatment was non-significant though the estuary effect was significant (ANOV A J> <0.001). 
Multivariate analyses 
The 5 different spec1es of birds observed in the Teign Estuary were: redshank T 
totanus, black-headed gull L. ridibundus, oystercatcher H. oslralegus, curlew N 
arquata, and little egret E. garzetta. The following species were additiona lly observed 
in the Exe Estuary: dunlin C. alpina, brent goose B. bernicla, shelduck Tadorna tadorna 
(L.), ruff Philomachus pugnax (L.), greenshank Tringa nebularia (Gunnerus), hening 
gull Larus argentatus (BrUim.), black-tailed godwit Limosa limosa (L.), mallard duck 
Anas platyrhynchos (L.), bar-tai led godwit Limosa lapponica (L.), grey Plover Pluvialis 
squatarola (L.) common crow Corvus corone (L.) and widgeon Anas pcnclope (L.). 
Non-metric multidimensional scaling (nMDS) produced ord inati on axes that best 
represented the simila1ities between sites . Sites showed similmity within estuary and 
treatment, and dissimilarity between estuary, not treatment or time as was hypothesised 
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(Figure 4.3). ANOSIM confirmed that spectes abundances were different between 
estuary (R = 1, p<O.O 11) and there was no significant difference between treatments (R = 
0, p = 0.1). When the Global R=1 all of the replicates within the stated variable are 
more similar to each other than between variables. The average dissimilarity of the two 
estuaries was 63.5%, (Table 4.3). SIMPER routine showed that dunlin contributed most 
to the dissimilarity between estuaries (24.2%), followed by redshank (11.18%), brent 
goose (8 .68%) and mff (8.58%). Some species which were present in both estuaties 
conhibuted higher to the dissimilatity between estuaries than species which were only 
present in one of the estuaries; this was due to the greater abundance of some species in 
the Exe, causing a larger difference between abundances of certain species .. lf} the Exe, 
seven species were found more often in tiled sites than in control sites, whi lst I 0 species 
were found more often in control sites than tiled sites. 
20 Stress: 0.01 
+ 
~0 
D Exe NT 
.. ExeT 
O reign NT 
+reignT 
Figure 4.3 MDS ordination indicating differences in bird assemblages between estuary (Exe 
Estuary and Teign Estuary) and treatment (not-tiled and tiled). Data were fourth root transformed. 
Similarities were calculated using Bray-Curtis similllrity co-efficient. 
114 
Chapter 4 
Table 4.3 Similarity percentages. The contribution of each species to dissimilarities in bird 
assemblage between estuaries averaged across treatment group. 
Exe Teign 
Seecies Av.Abund Av.Abund Av.Diss 0iss/SEl Contrib% 
Elunlin 8.81 0 17.53 3.65 24.23 
Redshank 5.62 1.29 8:09 2'9 11.18 
Brent Goose 3.2 0 6.28 2.44 8.68 
Ruff 3.19 0 6.21 7,96 8.58 
Shelduck 2.96 0 5.34 1.57 7.37 
Curlew 3.31 0:96 4.52 3.48 6.24 
Black headed gull 2.7 4:94 4.35 1.25 6.01 
Greensharik 2.25 0 4.31 1.64 5.95 
Oyster catcher 3.8 2.01 3.71 1,31 5.13 
Herring Gull 1.5 0 2.69 1.1 3.72 
Black tailed godwit 1 0 1.92 0.83 2.66 
Mallard 0.97 0 1.81 0,86 2.5 
Little 'Egret 0.85 0.25 1.62 1.57 2.23 
Bar tailed godwit 0.71 0 1.24 0.54 1.72 
Plover 0.61 0 1.08 0:54 1.49 
Crow 0.6 0 1.06 0,911 1.46 
Wigeon 0.35 0 0.61 0:54 0.85 
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Table 4.4 The size and diet of each species of bird in this study (Snow and Perrins 1998). (Species 
in bold are those which were .found in higher abundances in tiled sites than in not-tiled sites in the 
Exe Estuary). 
Order Species Length Dietary information 
cm 
Ciconiiformes 
Egret Egre/la garzetta 55-65 Mostly small fish, amphibians, 
crustaceans and insect larvae. 
Anseriformes 
Brent Geese Branta bernicla 56-61 Eelgrass (Zostera spp.), also 
vegetation by grazing on land 
or shallow water 
Wigeon Arius penelope 45-51 Oligochaetes, seeds and 
leaves. 
Shelduck Tadorna tadorna 58-67 Molluscs, crustaceans and 
insects. 
Mallard Anas platyrhynchos 50-65 Omnivorous and opportunistic 
Charadriiformes 
Oystercatcher Haematopus 40-45 Predominantly bivalves 
ostralegus especially cockles, mussels; 
tellins Macoma, and 
earthworms. 
Grey Plover Pluvialis 27-30 Summer, invertebrates, Winter 
squataro/a primarily·polychaetes, 
crustaceans and molluscs 
Dunlin Calidris alpina 16-20 Invertebrates, located by sight 
and touch 
Bar tailed godwit Limosa 37-39 Crustaceans, molluscs, 
lapponica polychaetes, and other aquatic 
invertebrates located ,by sight. 
Curlew Numenius arquata 50-60 Omnivorous, though principally 
invertebrates which are located 
by touch 
Redshank Tringa to/anus 27-29 Crustaceans, molluscs, 
polychaetes. Hunts 
predominantly by sight. 
Greenshank Tringa nebu/aria 30-33 Invertebrates and small fish 
located by sight 
Herring1Gull Larus 55-64 Omnivorous, but mostly animal 
argentatus material, also scavenges and 
pirates food 
Black headed gull Larus 34-37 Opportunist, insects, 
ridibundus earthworms, also plant material 
and scraps. Food pirate and 
scavenger. 
Ruff Phi/omachus pugnax 20-30 Invertebrates, especially 
insects, some plant material 
( esp winter) 
Passeriformes 
Carrion Crow Corvus corone 45-48 Corn, fruits, nuts, grains, 




Results- Part 2- The effect of crab-tiling on the feeding behaviour of 
birds. 
Away vs NexHo crab~tiles 
J-1 I. Birds spend more time per unit area next-to tiles than all'ay.fi·om tiles. 
The crab-tiles and the pools which form around them were calculated as covering 36% 
of the area of the shore being observed. Birds which were studied within the tiled area 
spent relatively more time next-to tiles (within a length of the bird) than away from tiles 
(further away than the length of the bird). The analysis of variance showed that this 
difference was significant between treatrl1ents and consistent across time for redshank 
(Table4.5, Figure 4.4). Curlew spent significantly more time in both time periods next-
to the tiles than away from them; however there was also a significant difference 
between birds in ear,ly winter and late winter. This was clue to an increase in the 
proportion. of time that 'next to tiles' birds spent next to tiles. This difference very 
nearly caused a significant interaction between time and treatment with a p value of 
0.058 (Table 4.5, Figure 4.4). 
Table 45 Two faclor ANOVA lo tesl whether birds were attracted to, or repelled by tiles. The 
factors were 'timl" (I= early winter, 2 late winter), and 'lreatmt•nt' ('I= away from tiles, 2= nt•xl 10 
tiles). a) Rcdshank. C = 0.4863 (p< 0.05) h) €urlew, C = 0.4134 ns 
a) Redshank b) Curlew 
Source of 
variation df MS F p df MS F p 
TimeTi 0.13 0.64 0.43 2.25 6.53 <0.02 
");reatment Tr 42.47 201.4 <0.0001 8.86 25.7 <0:0001 
");i x Tr 0.02 0.10 0.76 1.29 3.75 0:058 
Residual 56 0.21 56 0.34 
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Figure 4.4 Based on results in Table 4.5. Mean (+ SE, n= 15) relative time tha t bir ds spent away 
fro m the tiles vs nex t-to cr ab-til es. a) Redshank b) Curlew. T l = Early winter, T2 = Late winter . 
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H2. The percent of time that birds spend(eeding next-to tiles is higher than when they 
are away.fi'om tiles. 
Both bird species, redshank and curlew, spent significantly more time feeding when 
they were next-to tiles than when they were away from tiles. This pattem was consistent 
for birds observed in early winter and tor birds in late winter (ANOV A Table 4.6, 
Figure 4.5). Qualitative observations suggest that this is the· result of birds using tiles to 
feed from, and often, the time spent away from tiles was used to move between tiles. 
Table 4.6 Two factor ANOV A examining dirrercnces between the proportion of time spent feeding 
between Time (early winter and late winter) and Treatment (away ·from tiles and next-to tiles). a) 
Redshank, (C =.0.4754, p<O.OS) b) CCurlew, (C= 0.4406 ns) 
a)•Redshank b) Curlew 
Source of 
variation df MS F p df MS F p 
Time lii 0.4 0 0:98 49.58 0.07 0.79 
Treatment T r 15226.9 24.43 <0.0001 1'8587.8 26:8 <0.0001 
Ti x Tr 1191.08 1.91 0.1724 44.6 0.06 0.8 
Residual 56 623.36 56 693.56 
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Away from Next-to Away from Next-to 
tiles tiles tiles tiles 
Figure 4.5 Mean (+ SE, n=IS) % time spent feeding between treatment (away f.-o m a tiles vs next to 
tiles). 
H3. The proportion of time spent vigilant f eeding (PECK vs PROBE + DIVE, Table 4. 1) 
is higher away .fi-om tiles than next-to tiles 
ANOV A detected a significant interaction for both spectes with the term time x 
treatment (Table 4.7). SNK tests showed that in the early winter, both redshank and 
curie~ fed more vigilantly (pecking vs probe and diving) ' away from tiles' than ' next to 
tiles' . However, in the late winter there was no significant difference between 
treatments (Table 4.7, Figure 4.6). 
120 
Chapter4 
Table 4.7 i. Two factor ANOVA to test ifthe proportion of time spent feeding vigilantly is higher 
away from the crab-tiles than next to,the crab-tiles. a) Redshank, (C = 0.5528 p<O:Ol) b):Curlew, 




Reds hank b) Curlew 
Source of variation df MS F p df MS F p 
TimeTi 0.33 14.41 <0.0005 1.35 19.2 <0.0002 
Treatment Tr 1 0.31 13.5 <0.0007 0.02 0.23 0.64 
Ti' X Tr 1 0.23 10.16 <0.003 0.54 7.7 <0.009 
Residual 44 0.02 44 0.07 
Total 47 47 
ii. Student-Newman-Keuls com arisons 
Tr (17i) Away vs Next-to Away vs Next-to 
Earlywinter 0:9 ± 0.04 > 0.6 ± 0.06 .. 0.5 ± 0.1 > 0.2 ± 0.06 **. 
0:94 ± 0.02 
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Curlew 
Early winter Late winter Early winter Late winter 
Figure 4.6 Mean (+ SE n=IS) p roportion of time spent feeding vigilantly between time (early 
winter, late winter) and treatment (away from a tile; next-to a tile). Horizontal lines indicate no 
significant difference between treatments (SNK tests P > 0.05). 
H4. The proportion of time that birds exhibit each behaviour (1. WKNr"", 2. STNF, 3. 
Peck, 4. Probe, 5. Dive. Table 4. 1) wi/1 be more dissimilar between birds which are 
foraging 'away from tiles ' to birds foraging 'next-to tiles ' than birds ' behaviour within 
treatment. 
Each datum point on the nMDSs (Figure 4.7) represents a single bird' s behaviour whilst 
it was either 'away from the ti les ' , or ·next-to the ti les' . If it is a 'away from ti les' bird 
then any behaviour that it exhibited whilst it was next-to a tile was not included in the 
analysis and the opposite applies for ' next-to tiles' birds. The further each bird datum 
point is away from another bird data point, the more dissimilar their behaviour. 
Therefore clustering data points are birds which behaved similarl y to each other. 
Ordination of the MDS shows that behaviour of the birds is different between 
treatments (away-from til es and next-to ti les) and between time (earl y winter and late 
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winter) (Figure 4.7). These observations were confirmed by a 2-way ANOSIM 
(Analysis of similarities) for each species Wigure 4.7), SIMPER showed that 
differences in behaviour between the birds observed 'away from' a tile compared to 
'next-to' a tile were consistent for both species (Table 4.8). Neither redshank nor curlew 
stood still (not feeding) whilst they were away from tiles. The mean proportion of time 
spent 'walking not feeding' was greater for both species when they were away from 
tiles, yet all three feeding behaviours were greater for both birds in the tiled area. It was 
thought that this could be clue to the fact that when in tiled areas, the birds were mostly 
using the tiles to feed from, and then walked between the rows of tiles not feeding. The 
time spent 'standing diving' was higher 'next-to tiles' than 'away from tiles' for the 
curlew as these birds were actually using this feeding mechanism (head clown, tail up), 
to take crabs from the tiles before the crab-tilers got there. Redshank did not take the 
crabs; however they did spend a lot of time pecking on epifauna and probing in ,the 
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Figure 4.7 Non metric multi-dimensional scaling (nMDS} to display mean Bray-Cur tis 
dissimilarites in the overall behaviour (using fi ve different categories of behaviour: see ethogram 
Table 4.1} associated with birds at each time (Early winter and la te winter} in each trea tment 
(Away from tiles and Next-to t iles} n= IS. a} Redshank: Time: ANOSIM: R=0.22 p<O.OOl; 
T reatment: ANOSIM: R= 0.68 p<O.OO l }, b) Curlew: Time: ANOSIM: R=O.l 07 p<0.008; 
T r eatment: NOSIM: R= 0.326 p<O.OOI }. 
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Table 4.8 SIMPER analysis comparing the mean dissimilarities of' bird behaviour depending on 
whether they are away from a tile or next-to a tile. a) Redshank, b) Curlew. n=IS. Behaviours 




Mean Mean Average Dissimilarity % 
Behaviour time time dissimilarity /S:D Contribution 
WKNF 2.23 0.47 15.9 1.77 32.39 
STNF 0 1.24 10.53 1.16 21.47 
PROBE 0.22 1.35 10.24 1.24 20.86 
DIVE 0.24 :1.01 7.3 1.14 14.88 
PECK 2.5 2.81 5.1 0.62 10.39 
b)Curlew 
WKNF 2.37 0.76 12.79 1.4 31.39 
DIVE 1.21 1.88 8.58 11.12 21.06 
PROBE 1.36 1.78 7.56 1.13 18.57 
PECK 1.98 2.49 6.92 0.81 17 
STNF 0 0.76 4',88 0.93 11.98 
Not-tiled vs crab-tiled areas 
H5. The percent of time that birds spend feeding is higher in tiled sites th(lll control 
sites. 
"[;here was far more variability between bird behaviour between 'not-tiled" areas and 
'tiled' areas than between behaviour 'away from tiles" and ·next-to tiles'. ANOYA 
detected a significant interaction between time and treatment for redshank. There was 
only a significant difference between the amounts of time that birds spent feeding 
between treatments in late winter. Curlew showed more consistent feeding behaviour. 
There was no significant difference for time spent feeding between treatment or time; 
however curlew tended to spend more time feeding in late winter than in early winter, 
and more time feeding in the control area than the tiled area (Table 4.9; Figure 4.8'). 
Overall these results indicated that the presence of tiles in the Exe Estuary did not 
significantly affect the proportion of time that birds allocate to feeding. 
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Table 4.9 i.Two factor ANOV A to test if birds foraging in areas of open mud (not-tiled) spend a 
lower percentage ofitheir time feeding than birds that are within 'tiled areas'. a) Redshank, (C 
= 0.4345, p< 0;05) b) Curlew, (C=0.3096 ns). ii. StudentcNewman-Keuls comparisons for 
Redshank. 
i. ANOVA 
a) Redshank b)·Curlew 
Source of, 
variation df MS F p df MS F p 
Time 9296.32 4.37 <0.04 3196.1 2:03 0.16 
Treatment Tr 2495.23 1.17 0.28 1 31>79.61 2:02 0.16 
Ti x Tr 1 25415.9 11.95 <0.0009 1 1295.6 0:82 0.37 
Residual 116 2·126.25 1 ~6 1575.87 
Total 119 119 
ii.Student-Newman-Keuls comparisons-
a) Redshank 
Tor (Ti) Not-tiled' vs Tiled 
230.05 ± 250:04 ± 
Early-winter 8.93 = 7.42 ns 
276.76 ± 238.53 ± 
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Figur e 4.8 Mean (+ SE, n=30) % time spent feeding depending on time (I = early winter, 2= late 
winter ), and treatment (Not-tiled : area of open mud with no tiles; T iled : within a tiled area). 
Horizontal lines indicate groups that a re not significantly different {SNK tests; P>O.OS) 
H6. The proportion oftime spent vig ilant feeding (PECK vs PROBE + DI VE, Table 4.1) 
is higher in a not-tiled site than a tiled site. 
Whilst time (ear ly winter vs late winter) and treatment (not-ti led vs tiled) did not 
signi fi cantly affect the pro portion of time spent feed ing for birds in the Exe Estuary, the 
level of vigilance whilst feeding did. Redshank spent significantl y more time feeding 
more vigilantl y (pecking vs probing and diving) in late winter than early winter. Curlew 
consis tently spent more time feeding more vigilant ly in ti led areas, and in 1ate w inter 
(Table 4.1 0, Figure 4.9). An informal compmison between bird species suggests that 
redshank fed far more vig ilantl y than curlew in either treatment or time· however, this is 
more a function of the different types of feeding s trategies between species. 
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Table 4.10 ANOV A to test if the proportion of time spent feeding vigilantly is higher in not-tiled 
areas than within tiled areas. a) Redshank, (C = 0.4213 p<O.OS) b) Curlew, (C=0.3130 ns). ii. 

























Of MS F p 
1.09 18.46 <0.0001 
0.95 16.06 <0.0001 





Tr (Ti) Away vs Next-to 
Early 0.25 ± 0.33 ± 0.04 
winter 0.04 = ns 
Late 0.35 ± 0.61 ± 0:05 
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Figure 4.9 Mean (+SE n=30) proportion of time spent feeding vigilan tly across time (Early winter, 
Late winter) and treatment (Not-tiled: area of open mud; Tiled: within a tiled area). Sec ANOVA 
Table 4. 10. 
H 7. The proportion o.f time that birds exhibit each behaviour (1 . WKNF, 2. STNF, 3. 
Peck, 4. Probe, 5. Dive. Table 4. /) will be more dissimilar between birds which are 
foraging in the 'not-tiled ' site to birds .f01·aging in the 'tiled' site than birds · behaviour 
within treatment. 
Each datum point indicated on these nMDSs constitutes all of the behaviours exhibi ted 
by a specific bird in the 5 minute observation period. Half of the birds were observed on 
open mud (not-tiled), and halfofthe birds are fi·om the tiled site 5 miles away from the 
not-tiled site. The similarities of behaviours between the not-ti led site and the tiled site 
are less distinct than the di fference between birds next-to and away fi·om tiles (away vs 
next-to: Figure 4.7, not-ti led vs tiled: Figure 4.1 0). evertheless the two-way ANOS IM 
for each bird sti ll found that bird behaviour was significantly different between both 
time and treatment: 
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a) Redshank: Time: ANOSIM: R=0.376 p<O:OOI; Treatment: ANOSJM: R= 
0.251 p<O.OO I') 
b) Curlew: Time: ANOSJM: R=0.048 p<0:003; Treatment: ANOSIM: R= 
0.129 p<O.OO I 0). 
SIMPER showed that although redshank spent more time 'standing not feeding' in the 
not-tiled area, the activity 'walking not feeding' was only observed in the tiled area. 
Redshank spent very similar amounts of time 'pecking' and 'probing' between 
treatments, but more time 'diving' in the not-tiled area. Curlew were only observed 
'standing not feeding' in the tiled area yet spent more time 'walking not feeding' in the 
control area. The latter behaviour, along with 'diving', contributed most to the 
dissimilarity between treatments (Table 4.11 ). 
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Figure 4.10 Non metric multi-dimensiona l scaling (nl\'IDS) to show mean Bray-C urtis dissimila rities 
in the overall behaviour (using live differ ent categories of behaviour: see ethogram Table 4. 1) 
associa ted with birds at each time (early winter, and late winter) in each treatmt'nt (Not-tilt>d: area 
of open mud; Til t>d: within a tiled area) n=30. a) Rt>dshank: T ime: ANO Si l\1: R=0.376 p <O.OO I ; 
Treatment : ANO Si l\1: R= 0.25 1 p<O.OOI ), b) Curlew: Time: ANOS I 1: R=0.048 p<0.003; 
Treatment : ANOS il\1 : R= 0. 129 p<O.OOI ). Nott' that shading represents treatment and shape 
r eprt>sent s time. 
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Table 4.11 Simper analysis comparing the mean dissimilarities of bird behaviour between a control 




















2 . 15 
1.7 
1. 37 
3 . 7 
2 . 97 
2 . 3 
2 . 73 
2 . 92 
0 
Ti led 
Mean Average Dissimilarity 
time dissimilarity /S . D 
1. 51 8 . 39 1 . 15 
1 . 88 6 . 13 1. 06 
1 . 7 5 . 4 3 1. 05 
1. 29 4 . 36 0 . 91 
3 . 7 1. 91 0 . 92 
2 . 58 3 . 93 0 . 87 
2 . 33 3 . 89 1. 03 
3 . 12 3 . 66 1. 27 
2 . 54 3 . 42 0.96 
0 . 74 3 . 19 0 . 81 




23 . 37 
20 . 71 
16 . 62 
7 . 3 
21 . 73 
21 . 52 
20 . 2 
18 . 91 
17 . 64 
The presence of crab-tiles in estuaries neither affected the bird abundance or diversity 
(Table 4.2, Figure 4.2). Not-tiled sites tended to support greater numbers of birds than 
tiled sites; however this trend was not significant. Species which were more abundant in 
tiled sites in either the Exe Estuary or the Teign Estuary tended to be small birds (such 
as redshank and dunlin), and piscivorous birds (e.g. little egret), which may be due to 
their use of the tiles for cover and for fishing respectively. The larger birds which would 
not benefit from the protection of ti les were found more often in the not-tiled area such 
as black headed gulls and curlew. Bird assemb lages were more dissimi lar between 
estumies than between treatments (Figure 4.3, Table 4.3). A similar study which 
compared waders within an estuary, between an area w ith oyster trestles to a control 
area, also found no difference in the number of species which occuiTed (Hilgerloh et al 
200 I). However, of the most abundant species, oystercatcher, curlew, blackheaded gull 
and common gull occurred in sign ifi cantl y lower numbers in the oyster trestle area, 
whereas redshank and dunlin were not distributed different ly between trestles. Studies 
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which have also detected a relationship between habitat structure and group size are 
often confounded by other factors. For example, Bhagabati and Horvath (2006) related 
increasing group size ofmexican jays Aphelocoma ultramarine (Bonaparte) with habitat 
structure. However, the habitat structure was related to size of the trees. Larger more 
complex trees also supported more fruit, and therefore structure was confounded by 
food availability. Whilst it is possible that crab-tiles or oyster trestles may aggregate 
potei1tial prey species, it is the total effect of crab-tiles or oyster trestles in estuaries on 
bird distribution which was being measured, not just the effect of the-structure. 
--r;he number of individuals has been found as an unreliable measure to detect 
disturbance. Lafferty (2001} found that humans were frequently disturbing birds, but the 
large scale distribution of birds remained unaffected. Therefore, although no significant 
effect was detected for the distribution of the birds ·in tiled estuaries, it should not be 
concluded that birds were consequently not disturbed by crab-tiling, only that the birds' 
spatial distribution was not affected by the presences of tiles. Part 2 of this discussion 
will consider how although the distribution of birds across tiled estuaries was not 
affected by the presence of tiles, aspects ofthe1birds' behaviour was. 
Part 2- The effect that crab-tiling has on the feeding behaviour of 
birds. 
The two species of birds which were observed for ·this study were not only selected for 
their abundance in the estuary but also because of their morphological and dietary 
differences, Redshank T totanus feeds predomina1itly by sight on small crustaceans 
such as Corophiwn volutator and is relatively small. Whereas curlew N. arquata is a 
much larger bird, which is known to feed on C. macnas the target species of crab-tiling, 
but mostly feeds by touch, using its long bill to probe deep into the sediment for 
polychaetes (Table 4.4). Also redshank are often one of the species not to be affected by 
disturbance (Hi lgerloh et al 200 I), whereas curlew in a number of studies were reported 
as being one of the first birds to tly away (Hurton et al 2002; Willis and Evans 1999). 
Therefore, this contrast of species should provide a broader view of how crab-tiling 
affects wading shorebirds than ·if two relatively similar species were studied. 
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Away vs Next-to tiles 
Part I found no significant difference between the number of birds or species foraging 
in a not-tiled area compared to a tiled area. However, when birds (redshank and curlew) 
foraged within a tiled area, they spent significantly more time next-to tiles than away 
from tiles (Table 4.5, Figure 4.4). Of the time spent next-to the tiles, the prop01iion of 
that time spent feeding was also significantly higher than the proportion of time spent 
feeding when they were away from tiles ('Fable 4:6, Figure 4.5). Shorebirds are 
generally found .foraging 111 an area because the food supply is relatively optimal 
(Ravenscroft and Beardall 2003), and/or the risk from predation is relatively low 
(Whitfield' 2003). Therefore the presence of tiles in estuaries is potentially: boosting 
iocal prey supply; is providing some protection from predation or conflict from 
conspecifics; or a combination of all three. Redshank have previously been observed 
feeding on the strand line near cover where there was a fal' higher risk of being attacked 
and caught by the predating sparrowhawk Accipiler nisus (L.) (Whitficld 2003). A 
possible explanation of this is that Granadeiro et al (2006) found that birds feeding on 
the strandline fed far more productively than birds feeding lower on ·the shore, which 
suggests that the area in which a bird forages could be a compromise between positive 
and negative factors, such as increased prey availability coupled with increased predator 
abundance. 
Whittield (2003) tound that attacks from spaffowhawks on single birds or on small 
flocks were more successful than on larger tlocks. The observation was made in this 
study that birds tended to be observed as singletons or in small tlocks in tiled areas, 
whereas in the noHiled area birds foraged1 in larger tlocks. Unfortunately this \vas not 
measured, and wasn't detected in the first year of the study, but may suggest that birds 
feel that the risk is lower when they are next-to tiles. It could also mean that the tood 
supply is lower and cannot supp01i larger tlocks of birds (see chapter three). Findings 
fi·om this study suggest that both models might be interacting as not only did they spend 
more time feeding next to the tiles but the style of .feeding next to tiles was l"ess vigilant 
than when they were feeding away ti·om tiles (walking pecking vs probing and diving, 
see ethogram Table 4.1 ). However the level of vigilance was only significantly different 
134 
Chapter 4 
between treatment in early winter (Table 4. 7; Figure 4.6). Vigilant feeding was 
generally higher in late winter for birds in both treatments (away from tiles and next-to 
tiles), Therefore if vigilant feeding is a trade-off between optimum feeding and 
awareness of predation (Guillemain et al 2002) an explanation of this difference could 
be that predation was higher in the late winter, or·the need to eat was greater in the early 
winter. The latter is a likely model as birds observed at this time of year may have 
travelled long distances to get to these wintering !,'fOunds, and may be in urgent need of 
replenishing tat and protein stores lost during migration (Schwilch et al 2002). 
However, previous studies have found that oystercatchers respond1 less to disturbance in 
later winter as they need to spend ·longer feeding to meet their requirements 'the 
starvation risk of avoiding disturbance was greater or because ·their perceived predation 
risk of disturbance was lower' (Stillman and Goss-Custard 2002), and oystercatcher 
mm1ality due tu starvation occurs mostly in late winter (Goss-Custard et al 1996; 
Still man et al 2000). This is because as the temperature tails, feeding conditions become 
poorer as the food quality declines (Stillman et al 1996). Stillman and Goss-Custard 
(2002) also stated that vigilance should decrease through time as birds become 
habituated to disturbance. 
The measure of time spent feeding and the proportion of that time spent vigilant feeding 
arc both measures of vigilance. The first is the more traditional measure, which assumes 
that a feeding bird is not being vigilant, whereas the second measure acknowledges 
more recent theory which assumes that birds with eyes above water (or mud in this 
case) when feeding, can still be vigilant, but to a lesser degree (Guillemain et al 2002). 
The first measure {time spent feeding) found that -in both sampling times that both 
species spent significantly more time with their head down feeding when next-to a crah-
til'e than when they were away from crab-tiles. This suggests that birds need· tu be less 
vigilant when they are next-to a tile than when they arc away trom a tile because the tile 
provides protection tl·om predation. An alternative hypothesis, although not one tested 
here is that the density of crab-tiles and the fact that they protrude above the observing 
h~.:ads of many wading birds, could limit the birds field of view and reduce the birds' 
ability to detect predators or competitors. 
The second measure (vigilant feeding) was only significantly different for both birds 
between treatments in early winter. Birds 'walking pecking' wer~.: considered more 
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vigilant than birds 'probing' or 'diving' due to amount of time that an individual's head 
is up. However, this proxy for vigilance could be misleading. 'Walking pecking' could 
be the best feeding strategy in open mud whereas 'probing' and 'diving' could be the 
best methods of feeding when next-to a tile as the complexity of the tile provides 
protection for prey species which makes them harder to catch. Therefore further 
experimental work measuring food intake and food availability is required to distinguish 
between feeding strategy and predation avoidance models. 
Without making any assumptions of what specific behaviours mean, the multivariate 
comparison of.all behaviours measured for individual birds showed that reqshank next-
to tiles behaved more similarly to each other than redshank away from tiles, and curlew 
next-to tiles behaved more similarly to each other than curlew away from tiles (Figure 
4.7,Table 4.8). However, the behaviours which contributed most towards these 
dissimilarities differed between species. The behaviours which contributed most to the 
difference between redshank between treatments (away from tiles vs next-to tiles) was 
the 'not feeding' behaviours (WKNF and STNF) followed by the' feeding' behaviours; 
probing, diving and lastly, pecking. The behaviour which contributed most to the 
dissimilarity of curlew between treatments (away from tiles vs next-to tiles) was also 
the 'not feeding' behaviour 'WKNF', followed by the three 'feeding' behaviours; dive, 
probe and peck and lastly the 'not feeding' behaviour 'STNF' (Figure 4.7,Table 4.8). A 
difference between behaviours of the two species was expected due to their known 
different feeding styles; hence no fonnal statistical comparison was made between 
species throughout this study. It is however, w.orth noting that the largest difference 
between treatment birds tor both species was WKNF us .both species spent a greater 
mean time WKNF when they were away from a tile than when they were next-to a tile. 
The models which can explain this behaviour both indicate. that birds had a ·positive 
interaction with crab-tiles. The first model is that when birds were away from tiles that 
birds needed to be more vigilant than when they were foraging next-to protective tiles. 
The second is that birds preferred to feed from tiles and were truvelling when they were 
away from ·tiles moving towards the next tile. Neither species spent any time standing 
not teeding away from tiles, which might indicate that tiles were better places to rest, 
preen, or seek protection from predation. In Chapter three, the effects that crab-tiles 
have on bird's infaunal prey species is investigated, though this does not help to explain 
why birds spend more time feeding next-to tiles than away from tiles, as infauna next to 
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tiles are less abundant than infauna away from tiles. Chapter five however, shows that 
crab-tiles are colonised by a range.of epifauna, which the birds could also feed on. 
"Phis experiment only compared part of an individuals foraging bout in the tiled area. If 
an individual was classified as a 'next-to tiles' bird, then only the behaviour of that 
animal when it was 'next-to a tile' was used in the analyses, and vice versa for the 
'away-trom tile' birds. The next par1 of this discussion compares all of the behaviour 
exhibited by each bird as they foraged around and between the crab-tiles compared to 
the behaviour of birds foraging in a 'not-tiled' area in the Exe Estuary 
Not-tiled vs crab-tiled 
At this larger scale of observation (not-tiled vs tiled), curlew spent the same propor1ion 
oftimc feeding in both treatments. Redshank spent significantly more time feeding in 
the not-tiled area than in the tiled area in1late winter, hmvcvcr there was no significant 
.diftcrencc between treatment in early winter (Table 4.9; Figure 4.8). Interestingly, 
rcdshank behaviour (for time spent !ceding) between times within treatment was only 
different for the 'not-tiled' birds. Redshank 'not-tiled' spent significantly more time 
feeding in late winter than rcdshank 'not-tiled' in early winter•. Whereas rcdshank 
behaviour in the tiled area were not significantly different between early winter and late 
winter. It may be that prey items of redsharrk 1had become depleted in the not-tiled area 
in late winter. To test this model would require quantification of redshank prey items 
through winter months. Previous studies have found that a decrease in food supply fi:11· 
wading birds can result in the birds spending more tinie feeding (Urti et al 1996), or 
translocating to a more favourable area (Cucnca and Hor1as 1999; Goss-Custard 1980). 
Redshank ICd more vigilantly in thelate winter than the early winter however the degree 
of vigilance exhibited by the Rcdshank was not significantly di ffcrcnt between the not-
tiled and the tiled area. Curlew also fed more vigilantly in late winter but also in the 
tiled area. Increased vigilance in late winter could be associated with increased risk. For 
example hawks could be feeding more often, building up reserves before the migratory 
species leave t(Jr the winter; or risk ti·om increased competition ti·om conspcci fics f()r a 
ever decreasing food supply at a time of year when birds may be at their most stressed 
(Dugan et al 1981, Davidson and Evans 1982; Stillman and Gnss-Custard 2002). 
137 
Chapter 4 
However, it was expected that vigilance would decrease as food supplies decreased and 
more effort would be dedicated to foraging. 
If curlew fed more vigilantly in late winter due to a predation risk, then it doesn't 
explain why they fed more vigilantly in the tiled area, if the tiles do provide protection 
from predation (Table 4.1 0; Figure 4.9). This suggests that even though curlew next to 
tiles are less vigilant than curlew away from tiles, on the whole, curlew in tiled areas 
show a higher degree of vigilance than curlew foraging in areas without tiles. 
Multivariate analyses showed a difference in time and treatment for both species of bird. 
studied. The behaviours which were most responsible for the degree of dissimilarity 
between birds in the not-tiled and tiled area were more or less in the same order of 
importance for each species as the order of behaviours driving the dissimilarity of birds 
between the 'away-from tiles' vs 'next-to tiles'. Redshank were most dissimilar 
between the treatments 'not-tiled' and 'tiled' due to the not feeding behaviours (STNF 
and WKNF) followed by the three feeding behaviours; probe, dive and peck. Whereas 
curlew between treatments were most dissimilar due to the difference in 'WKNF', 
followed by; dive, probe, peck, and lastly the not feeding behaviour STNF Wigure 4.1 0, 
Table 4.11 ). 
Neither species stood still not feeding in the open 'not-tiled' area or in the 'away from' 
tiles treatment. Yet both spent considerably more time walking not feeding in both the 
'not-tiled' treatment and the 'away from tiles' treatment. This may be explained by the 
fact that areas away from tiles or areas with no tiles arc both more exposed than areas 
without tiles. Therefore STNF activities (e.g. preening), are not safely conducted 
without cover. This behaviour was only observed for individuals next-to tiles. Redshank 
were even observed 'crouching down ncxt-to·crab tiles' (pcrs. obsv.), a behaviour which 
could be interpreted as a strategy to avoid predation, 
Rcdshank and curlew were selected for this study to best represent waders in the Exe 
EstuaJ'Y because of their di ffercnces in size, feeding strategy, and reaction to disturbance 
in previous studies. However their response to tiles was fairly similar. Both species 
spent more time next to the tiles than away fi·om them, more time was spent feeding 
next to the tiles, and birds generally spent more lime feeding more vigilantly when they 
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were away from the tiles. On the larger scale, birds generally spent the same amount of 
time feeding whether they were in a not-tiled or tiled area, and they were generally more 
vigilant in the presence of tiles. Due to the difference in the biology and ecology of 
these waders this behavioural reaction to crab-tiles could be representative of how all 
waders respond, although this would' need to be tested. 
Birds could be attracted to crab-tiles because they might provide protection from 
predation and competition or ag~:,'Tegate food supply. Animals actively seek shelter when 
they are vulnerable to predation (James and Heck 1994), but some are not attracted to 
structure per se and only move into shelter in .the presence of predators if there is food 
associated with the shelter (Laegdsgaard and Johnson 2001 ). Therefore the reason that 
birds are showing an attraction to crab-tiles may be due to a combination of factors, 
though not necessarily of even weighting. 
If redshank and curlew are spending more time next to crab-tiles to avoid predation, 
they may not be eating optimally. Shepherd and Boates ( 1999) found that the foraging 
et1iciency of semi-.palmated sandpiper was significantly lower in dug sediment. Digging 
sediment kills in fauna or causes them to move away. Disturbed sediment also reduces 
the ability of the birds to detect visual cues ti"om the in fauna which remain. Crab-tiled 
sediment is not dug over; however, it· is routinely trampled and the sediment is disturbed 
when the crab-tiler cleans out accumt~lated' sediment t"i"om the crab-til~s. Also, curlew 
detects prey by touch with touch receptors at the end of their bill and probes the 
sediment to detect changes in resistance (Snow and Pen·ins 1998). This mechanism 
therefore, could also be .inhibited by disturbed sediment ('Piersma et al. 1995). In 
addition, time spent feeding has also been found to increase in areas of overturned 
sediment (Gill et al2001 ). 
Jlv!anagcmenl 
The impact of crab-tiling on wading shore birds must not be considered in Isolation 
when managing the welfare of birds in estuaries. In addition to crab-tiling on the Exe 
Estuary, there is also commercial cultivation of mussels M. edulis and paeitic oysters 
Crassos/!'ca gigas (~hunberg), bait collecting (Nugues et al 1996) and an array of 
recreational activities including bird-watching, clog walking, people collecting molluscs; 
139 
Chapler4 
cockles C. edule, mussels M. edulis and winkles Littorinids, angling, launching and 
mooring boats (Goss-Custard and Verboven 1993). All of these activities peak in the 
summer and autumn but do still occur during the colder months when food is most 
limited and therefore the birds are most stressed (Dugan et a) 1981, Davidson and Evans 
1982), Although the Exe suffers high levels of anthropogenic disturbance it is, however, 
thought that approximately ·two-thirds of birds' total feeding effort is spent when there 
is no human disturbance (Goss-Custard and Verboven 1993). 
The limitations of studying the proximate effects of disturbance is that it is impossible 
without a long term study to determine the ultimate effects on the bird population such 
as mortality, reproductive success or population size (Gill and Sutherland 2000). 
However it is known that it is important to conserve stop-over sites for migratory birds 
as there are few such sites, which often support entire populntions (Myers et nl 1987). 
Also, birds which nre disturbed will take longer to deposit sufficient fnt for migrntion. 
Late nrrival of birds to breeding or wintering grounds can hnve a lethal effect as suitnble 
habitat is limited (Myers et nl 1987) and optimal grounds for nesting and feeding may 
nlready be occupied, 
Fishing operntions of n similnr scnle to the cmb-tiling fishery in south-west England 
have been banned in other arens of Englnnd. In Budle Bay, Lindisfame National Nature 
Reserve, bait digging was banned due to the disturbance that it caused to birds. Up to 
120 bait diggers would work in an area of 300 hectares. Following the ban increasing 
numbers of shorebirds have returned to the nrea, suggesting thnt the presence of bnit-
diggers were preventing birds from feeding in the bay (Townsend and O'Connor 1·993). 
Oyster trestles, which are relatively similar to crab-tiles, have been found to 
significantly decrense the number of birds around the nrea in which they were ·laid 
(Hilgerloh et al 200 I). Nevertheless, birds habituate to frequent low level disturbance 
(Urfi et al 1996, Boer and Longamane 1996) and many of the crab-tiles been laid for 
yenrs (Black 2004), which would explain why no difference of bird abundance or 
diversity was detected in this study, and that birds appeared to behave positively 
towards them. 
This study is not exhaustive of the work which still needs to be done to quantify the full 
extent of the disturbance caused by cmb-tiling and other associated _anthropogenic 
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impacts to wading shore birds. The short tenn effects measured in this study need to be 
coupled with further shori tenn work to determine the impact of crab-tiling disturbance 
on prey selection and intake rates, which then need to be related to see how this affects 






Chapter 5 : The influence of crab-tiles during emersion on the 
distribution and behaviour of mobile fauna in estuaries. 
Introduction 
Crab-tiling is a method of collecting crabs Carcinus maenas {L) for use as fishing bait. 
Crab"tilers lay man-made materials; such as pieces ofPVC guttering, ceramic roof tiles 
and asbestos on mudflats in estuaries in order to attract crabs. These materials, known 
as 'crab-tiles', give structure to a typically homogenous environment, in order to 
provide refuge for crabs during low tide (Godden 1995, Russelll999, Ley 2000). 
The amount of anthropogenic structures built in -estuaries IS increasing, such as 
pontoons, seawalls, fishing gear etc, which is increasing the amount of hard subsh'atum 
available (Giasby and Connell 1999). Animal distribution and behaviour are affected by 
changes in the geometry and structure of their environment (Jacobus and Webb 2005). 
Therefore, the response of organisms to changes in the amount of structure in estuaries 
needs to be studied, so that environmental managers can assess any adverse effects on 
the.ecosystem functioning of estuaries. 
The effects of artificial structures in the marine environment have conflicting effects on 
the surrounding fauna. Whilst artificial reefs have lower species diversity and lower 
abundances of fishes in the Bahamas (Carr and Hixon 1997) andt molluscs in Italy 
(Badalamenti et al 2002), than surrounding areas of natural habitat, species diversity and 
individual abundance were found to be greater next to other man-made structures, such 
as: jetties compared to areas of natural reef (Rilov and Benayahu 2000), and next to 
floating fish cages compared to open control areas (Dempster et· a] 2002). Some studies 
have tound that artificial structures did not affect species richness 'but boosted the 
abundance of individuals found in an area. For example, tish abundances were greater 
near the wind turbines off the south eastem coast of Sweden, whilst species richness 
was similar between the turbines and the surrounding areas (Wilhelmsson et al 2006a). 
On a smaller scale, Wilhelmsson et al (2006b) set up PVC pipes on mud flats which 
resemble the scale of crab-tiles on mudtlats more than any other study so far. They 
found that these structures increased tish abunch.mce but not diversity. However 
diversity did increase with time, theret<.)re the point at which diversity is measured may 
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be paramount. In contrast, Lingo and Szedimayer (2006) found that habitat complexity 
increased reef fish species diversity but not the overall abundance. 
The state of fouling on the artificial structure also affects the response of the fauna! 
assemblages. Col em an and Connell (200 I) found a correlation between fish abundance 
and epibiota. Similarly, Laegdsgaard and Johnson (2001) observed four times the 
number of juvenile tish next to fouled structures compared to clean structures. The type 
and extent of fouling is dependent on the material of the anthropogenic structure 
(Connell and Glasby 1999). It is not known what effect crab-tiles have on the epifauna 
in estuaries, However, it is expected that they would attract species whicb are not 
typical to a soft sediment environment and possibly invasive species. For instance, the 
invasive bamacle species Solidobalanus .fa !lax (Broch) does not settle on rocks or stone 
but on biological material such as algae, bivalves, Eunice!la verrucosa and man-made 
materials such as plastic coated crab and lobster pots, or octopus pots made out of 
ceramic or plastic (Southward et a! 2004). Therefore the occunence of PVC guttering 
and ceramic roof tiles in estuaries may be providing suitable substratum for the 
settlement of this wann water species of bamacle. Increasing numbers of this bamacle 
may cause detrimental effects to the condition and abundance of E. verrucosa, which is 
a UK Biological Action Plan protected species, (Southward et al 2004). 
Although crab-tiles do not create a pmiicularly 'complex' environment, the 'habitat 
heterogeneity hypothesis' (Simpson 1949; Lack 1969) assumes that more complex 
habitats increase species diversity as they provide more niches (Tews et a! 2004). This 
is ce1iainly the case during low tide, as crab-tiles provide protection from desiccation 
and tidal pools fonn around them, which would nonnally be bare mudflat. During high 
tide however, it is unknown whether any fauna utilise advantage of this extra structure. 
During low tide, the feeding behaviour of wading shorebirds was atlected by the 
presence of the tiles (see Chapter four). Also, curlew Numenius arquata (L.) were 
obseJ;ved lifting crab-tiles and collecting the crabs from under them before snapping off 
the crab claws with their bills and eating them. Little egret Egretta garzetta (L.) were 
observed using the pools which follll around the crab-tiles during low tide to search for 
gobies. In addition, animals living within the sediment were also affected by the 
presence of crab-tiles (see Chapter three). The effects of physical structure on crab 
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distribution during low tide have been extensively studied, Adult C. maenas will not 
remain in the intertidal during low tide unless there. is enough shelter, for example, 
fucoids or rocks to hide under; mud it seems, is not sufficient cover (Ct·others 1968; 
Klein Breteler 1976). When shelter was experimentally removed in Tanabe Bay, Japan, 
there was a significant reduction in the number of crabs Hemigrapsus sanguineus (De 
Hmm) and Gactice depressus (De Hann) (Lohrer et al 2000). This suggests that during 
low tide there would be fewer crabs on mudtlats without stmcture than mudtlats with 
structure. Nevertheless, the effect that crab-tile structure on mudtlats has on crab 
distribution during high tide is not necessarily the same as the naturally occuiTing rocks 
and fucoids. Intertidal organisms have different risks depending on whether they are 
immersed or emersed (Lewis 1964). During tidal emersion, crabs are subject to 
overheating in summer, freezing in winter and predation from teiTestrial predators 
(Crothers 1968). During tidal immersion, abiotic .factors are less stressful for marine 
crabs, and they leave the security of their refuges to forage; however, the risk of aquatic 
,predation is then greater (Crothers 1968). 'Phere are no existing data to illustrate the 
effects that crab-tiles have on the aquatic fauna during immersion·. The aim of this 
Chapter is to see whether crab-tiles affect the abundance and distribution of C. maenas 
and other mobile .fauna during high tide. 
Several approaches were considered to compare the species that were found: near to tiles 
with adjacent areas of natural mudtlat. The possibility of using 'baited hooks was 
explored; however Devon Sea Fisheries Committee (DSFC) who have jurisdiction oVer 
the use of fishing equipment in estuaries requested that this approach was not adopted. 
Making direct observations using snorklers was also considered, but this <lpproach 
would' have disturbed the mobile fauna. Therefore it was decided to install stationary 
underwater cameras in the estuary. 
The primary aim was to examine the response of crab abundance and behaviour to the 
presence of tiles. Whilst it is known that C. maenas will reside under crab-tiles during 
low tide, it is not known whether the tiles have an aggregative effect on the crabs during 
high tide, or if the crabs roam at random across the sediment. Specifically the following 
hypotheses were tested: 
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HI. There is a greater abundance of crabs in tiled sites than control sites. 
H2. The proportion of" stationary crabs vs travelling crabs is higher in tiled sites than 
control sites. 
If crabs do use crab-tiles throughout the tidal cycle then this will have implications for 
the crabs' prey and potentially also for the distribution of their predators. Hence, crab-
til'es could cause spatial aggregation of the food web with implications for the 
functioning of the estuary. Even if crab-tiles do not change the abundance and 
distribution of C. maenas, then the physical structures may alter the assemblage of other 
orgapisms that are normally associated with a homogenous mudfht. Therefore the . 
following hypothesis was also tested: 
f/3. There is a greater number of individual animals and tc1.ms in tiled sites than control 
sites. 
/-14. 11wre is a different assemblage of animals in tiled sites compared to control sites, 
Organisms were then split into ·pelagic vs benthic groups of organisms and analysed 
separately to detennine whether the zone in which the fauna occupy, affects the 
response to the tile. This was examined using the following hypotheses: 
/-15 There is a greater abundance o{benthicfmma in tiled sites than control.sites. 
/-16. 11lC proportion.ofstationary benthicfauna vs travelling benthicfauna is higher in 
tiled sites than controlsites. 
H7. There is a greater abundance of pelagicfauna in tiled sites than control sites. 
Material and methods 
Study site and e~\perimental design 
Observations were made at Steer Point on the Yealm Estuary (50' 20'09.26 N, 4' 
02'17.13 W) Wigure 5.1). The Yealm Estuary is a drowned river valley which at low 
tide reveals banks of rocky shore, mud and silt. This estuary was selected because it was 
not crab-tiled and pem1ission was !,'Tanted by the land owner to work in an area with 
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access to shelter and electricity. 
0 
km 
Figure 5.1. Location of The Yealm Estuary. 
Three tiled sites were set up approximately one month before the first set of 
observations were made. Tiled sites comprised 20 crab-tiles (500mm long half round, 
black, PVC guttering), which were arranged in three rows, one metre apart from each 
other. Each site was approximately 15 metres wide, 3 metres deep, and at least 25 
metres from other sites. Tiles were inserted at a 45 degree angle, so that half the tile was 
in the sediment and half was showing. Each tile was then lifted in order to clear a tunnel 
of sediment from under it, and then laid down, so that it was pointing upwards at 
approximately a 20 degree angle (Figure 5.2). Three control sites were located, 
interspersed between tiled sites. Observations were conducted at two times in the year 
when fauna in the estuary was expected to be different. The first time was 151h March -
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L 71h March 2005, when the surface water temperature was approximately 9"C; the 
second was from 71h July - 91h July 2005 when the surface water temperature was 
approximately 16"C. 
Figure 5.2 Rows of crab-tiles as the rising water approached. The camera is situated on the bottom 
right. 
The tiled sites were serviced twice a week. Servicing mimicked the actions of a crab-
tiler, which entailed clearing tiles of crabs and accumulated sediment, and relaying them 
if necessary. The tiles were left in the mud between March and July so that they could 
be colonized similar to actual crab-tiles and fauna could have more time to habituate to 
them. The epibionts on the tiles were recorded for each crab-tile when tiles were 
removed in July. The effect of season could not be formally tested due to the limited 
study period which did not facilitate replication within seasons. 
Installing the cameras 
The cameras used were Seacam Low Light Monochrome Cameras with infra-red LED 
lighting and were protected in stainless-steel housings. The cameras were connected by 
cable to a video suite, manufactured by Rovtech systems Ltd. This comprised a colour 
monitor and a hard drive (Vista Protos Colombus, model no. VDGHDE). Cameras were 
laid during a low spring tide. Cameras were secured with a bracket to a plywood stand. 
To ensure that they would not be moved by tidal flow each bracket was attached to a 
one kilogram weight. Iron rods were inserted through holes in the edge of the plywood 




Filming commenced once the rising tide first reached the cameras and continued until 
the cameras were retrieved two days later. Direct observations were made in relay using 
cameras in rotation for a duration of ten minutes each. Observations were made in ,real 
time. Each camera was viewed in rotation so that any confounding temporal effects 
would be equally shared amongst the different treatments. For example; temporal 
changes in species diversity and number of individuals travelling through the estuary at 
different times, and changes in ,the visibility of the water, which limits the quality of 
observations made. During each ten minute observation, species present, their direction 
of travel, behaviour, the direction of river flow and visibility were recorded. 
Observations were only made when water visibility was good enough to identify the 
fauna present. For statistical comparisons a replicate set of data was considered to be all 
observations made during one session by a single camera. A session began on the fising 
tide, and was tenninatcd on the falling tide. The exact start time or finish time was 
modified to some extent by the visibility of the water. During the study, a similar 
number of I 0 minute periods of data were collected at each of the replicate control and 
tiled sites. Unfortunately, in July it was only possible to make observations in two 
replicate control sites, for comparison with three replicate tiled sites. 
There was some temporary loss of visibility when passing U/va spp, snagged on the 
cameras and this effect was worse in July. This meant that each replicate camera within 
each session comprised different amounts of I 0 minute blocks of time. Consequently, 
this problem was rectified by standardizing all of the species infonnation recorded to 
every I 0 minutes wo11h of observations. 
Data analyses 
Due to the non-parametric nature of these data and the unbalanced design, univariatc 
hypotheses were tested using M ann-Whitney U tests (SPSS 14.0 for Windows). Only 
those taxa which occurred more than once were included in the analyses. The analysis 
to compare the total number of individuals between treatments included C. mae11as. 
Benthic analyses included: mysids (Order Mysidncea), shrimp Crangon crangon (L.), 
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and, benthic gobies Pomatoschistus spp. Pelagic analyses included: bass· Dicentrarchus 
labrax (L.), grey mullet Chelon labrosus (L.), pollack Pollachius pollachius (L.), 
mackerel Scomber scombrus (L.), two-spotted gobies Gobiusculus jlavescens 
Wabricius), sand smelt Atherina presbyter (Cuvier), and small un-identified pelagic 
species as one category. 
To examine whether the assemblage of taxa differed between control and tiled sites the 
statistical software package PRIMER was used (Warwick et al 1990). Standardized data 
were fourth-root transformed. Bray-Curtis similarity coefficie1it (Bray and Curtis 1957) 
was employed to create a similarity matrix which gives a single measure of similarity 
between each replicate. These similarities were ranked and a two dimensional 'Non 
metric multi dimensional scaling' (nMDS) ordination was produced. 
Each plot on the ordination represents one replicate. Replicates which comprised of the 
most similar type and number of taxa were plotted nearest to each other, whilst those 
which were most dissimilar were plotted further away from each other, irrespective of 
treatment. A one-factor 'Analysis of similarities' randomization test (ANOSlM) (Clarke 
and Green 11988; Clarke et al 1993) was used to test whether ,treatment differences 
observed in the MDS were statistically significant. ANOSlM generates a value of R 
which is a measure of how similar a set of samples are. A value of zero represents the 
null hypothesis (no difference between assembl'age of organisms in each replicate 
between treatment), R= I indicates that· all the replicates within treatment are more 
similar than replicates between treatments. R-values >0. 75 are considered well 
separated (Clarke and Gorley, 200 I). 
Results 
In total:, 17 hours of video was recorded tor each treatment (control and tiled) in March. 
In July however, 9.5 hours was recorded tor the control replicate cameras, and 19.5 
hours wasrecorded for the tiled replicate cameras. 
Throughout this study 16 mobile taxa were identified (Table 5. l ). Crustacea were more 
abundant than any other organisms observed, they included: shore crab C maenas, 
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mysids (Order Mysidacea), which could not be identified to a higher taxonomic level 
due to the resolution of the cameras, and shrimp C. crangon. T:he next most abundant 
group were benthic gobies Pomatoschistus spp. and pelagic two-spotted gobies G. 
flavescens. Other pelagic tishes recorded were grey mullet C. labrosus, bass D. labrax, 
pollack P. pollachius, mackerel S. scombrus, sand smelt A, presbyter, fifteen-spined 
stickleback Spinachia spinachia (L.), and benthic-feeding dragonet Cal/ionynws ~wa 
(L.) and flounder Platichthys .flesus (L.) (Table 5.1 ). A cuttletish Sepia officina/is (L. ), 
and a grebe (Podiceps sp.) were also observed. 
Pollack, tifteen-spined stickleback and the grebe were only observed in March, whilst 
two-spotted goby, dragonet, and cuttlefish were .only obser.ved in July. All other taxa 
were present in both months of recording. 
Table 5.1 Taxa in order of abnndance·in control sites (only includes taxa which occurr_ed more than 
























ifotal number of individuals 
Control (mean ±SE ) 
3.1 ± 0,37 
2.33 ± 0.39 
1.31 ± 0.78 
OJ1 ± 0,54 
0.6 ± 0.3 
0.39 ± 0.12 
0,22 ± 0.17 
0.16 ± 0.12 
0.15 ± 0.15 
169 
45.15 ± 16.82 
2564 ± 21.28 
23.5 ± 8.61 
4.97 ± 2.75 
3,85 ± 0.79 
3:59 ± 1.62 
1.58 ± 0:34 
0:81 ± 038 
0.2 ± 0:2 
0.16 ± 0:~6 
1051 
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Tiled (mean ±SE ) 
1.93 ± 0.62 
3.74 ±0.59 
0.36 ± 0.3 
0.35 ± 0.21 
0.11 ± 0.07 
0.63 ± 0.27 




5.59 ± 1.77 
31.09 ±12.75 
10.74 ± 1.49 
0.73 ± 0.21 
6.92 ± 1.07 
1.36 ± 0.54 
1.85 ± 0.74 
0.38 ± 0.22 
0.05 ± 0.05 
0.08 ± 0,05 
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C. maenas was often observed at the entrance of a crab-tile defending the tile from other 
crabs which attempted to co-habit or evict the defending crab from the tile. In March, 
crab fights were observed in control sites and in treatment sites. However, in July, fights 
were only observed in tiled sites. When a crab moved away from a tile, it often returned 
to the tile fo llowing the same path. 
ln July, crabs were observed 'jumping' in tiled sites by taking all of their legs off the 
fl oor at once. They would usually j ump three or four times consecuti vely. It is not clear 
what the function of this behaviour was. On 14 separate occasions crabs 'jumped'. They 
jumped by the tiles, inside the tiles, and on top of the tiles, but never in control si tes. 
Other animals observed utilising crab-tiles were mysids, benthic gobies and flatfish. A 
flounder which swam down the back of a tile, presumably hunting, although not 
successfull y. Another attack on a large C. maenas was from a grebe Podiceps sp. diving 
down next to a crab-tile. However, the crab hid behind the crab-tile and escaped capture 
see Figure 5.3. 
Figure 5.3 An unsuccessful gr ebe a ttack on C maenas by a crab-tile lasting a total of 3 seconds. 
Fra mes 1-6 show C mllen as approaching the crab-tile going R-L. T he grebe first appear s in frame 
3 also heading R-L, then ma kes its first attack in frame 4, fails, so turns back on itself fo r a second 
failed attack in frame 5, when it gives up and leaves to the left behind the tile in frame 6. 
152 
Chapter 5 
Carcinrts maenas distribution 
The trend for crab abundance to be greater in tiled sites than control sites was consistent 
during March and July (Figure 5.4); however, this effect was not significant for either 
month (Mann-Whitney U p > 0:05 for both dates: March p = 0.1, July p = 0.2).The 
pattem of abundance of crabs in control and tiled sites differed in magnitude but not 
direction for both months. Therefore, due to the lack of any apparent interaction, data 
from the two months were pooled. With these data combined, there were signi ticantly 
more crabs in tiled sites than control sites (Mann-Whitney U p < 0.02). In March, crabs 
were significantly more mobile in control sites than tiled sites (M ann-Whitney U p < 
0.0001 ); however, the mobility of crabs was not signiticantly different between 
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Figut·e 5.4 Mean (+SE) abundance of C maemts observed by each replicate ca mera per session. 



















































Figure 5.5 Mean (+SE) proportion of stationary C. maenas observed by each replicate camera per 
session. March: control n= lO, tiled n= IO; July: contr ol n=7, tiled n=12 (standardized per 10 mins) . 
Species assemblages 
There was no significant difference in the number of taxa observed (M ann-Whitney U 
p>0.05 for March and July), though the trend was similar with a greater mean number 
of taxa was greater in the control treatment on both occasions (Figure 5.7). Although 
season could not be formally tested in this study because of confounding effects of the 
habi tuation of tiles by fauna between March and July, and the increased potential 
attraction of ti led sites due to the increased amount of fouling on the tiles, the control 
sites could still be compared as season was the only variable between sampling dates. In 
the control sites during Jul y, there were on average 11 .7 times the number individuals 
(Figure 5.6) and 5.3 times more taxa (Figure 5.7) than in March. 
All of the taxa included in the analysis were observed in both control and ti led sites 
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apart !Tom A. presbyter which were only observed in the control treatment in March, but 
were observed in both treatments in July. The assemblage of mobile organisms 
observed was not significantly different between control and tiled treatments during 
either March or July (Figure 5.8) (ANOSIM March: R=0.08, p> 0.1; July: R = 0.12, p> 
0.1). There were however, consistent trends on both occasions. Poma/oschistus spp., C. 
labrosus, C. crangon and A. presbyter were all observed in greater abundances in 
control sites than in tiled sites, and C. maenas and mysids were both found in greater 
abundances in tiled sites (Table 5.1 ). There were significantly more individuals in 
control sites than in tiled sites during July (M ann- Whitney U p< 0.02), but there was no 
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Figure 5.6 Mean number of individuals (+SE) observed by each replicate camera per session, 
between control and tiled treatments. March: control n= IO, tiled n= IO; July: control n=7, tiled 
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Figure 5.7 Mean number of taxa (+SE) observed by each replicate camera per session, between 
control and tiled treatments. March: control n=IO, tiled n=IO; July: control n=7, tiled n=l2 
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Figure 5.8 Non metric multi-dimensional scaling (nMDS) to show mean Bray-Curtis dissimilarities 
between assemblages of organisms in the control compared to tiled treatment. Abundances of each 
species for each session were standardized per 10 minutes of observation, and fourth root 
transformed. Sessions= a) March: control n=IO, tiled n=IO; b) July: control n=7, tiled n=12. 
ANOSIM March: R = 0.08, P = 0.1 ns ANOSIM July: R = 0.1, P= 0.1 ns 
Benthic and Pelagicfauna 
There was no s ignificant difference between the number of benthic individuals in either 
March or July (Mann-Whitney U p>0.05 for both March and July; Figure 5.9); 
however, there tended to be fewer individuals of benthic fauna in tiled sites than in 
contro l si tes in both March and July. T he proportion of benthic fauna which were in 
ti led sites tended to be more stationary than in control sites. This trend was consistent in 
March and July (Figure 5. 1 0), though the effect was not significant in either month 
(Mann-Whitney U p>0.05 for March and July). 
In March there were very few observations of pelagic fauna, although there were 
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slightly more observations in control sites than in tiled sites. In July however, there 
were significantly more pelagic fauna moving through control sites than tiled sites 
(Mann-Whitney U p<0.003; Figure 5.11). 
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Figure 5.9 Mean number of benthic animals (+SE) observed by each replicate camera per session, 
between control and tiled treatments. March: control n=lO, tiled n= IO; July: control n=7, tiled 
n= l 2 
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Figure 5.10 Mean proportion of stationary vs moving benthic animals (+SE) observed by each 
replicate camera per session between control and tiled treatments. March: control n=lO, tiled n=lO; 
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Figure 5.11 Mean number of pelagic animals (+SE) observed by each replicate camera per session, 
between control and tiled treatments. March : control n=lO, tiled n=lO; J uly: control n=7, tiled 
n== l2 
Epibionts 
Table 5.2 lists the organisms whjch were living on the crab-tiles by the end of the July 
filming. Bamacles are presented as mean number of individuals per tile, whilst sea 
squirts, hydroids and algae are quantifi ed as the % of tiles in which these taxa were 
present. Ba/anus crena/us (Brugiere) was present on the underside of crab-tiles; whilst 
Elminius modes/us occurred on the surface of ti les and was less abundant. The 
gastropod Littorina lillorea (L.) was also present on tiles, but was not included in 
records as it is not a sessil e epibiont. The sea squirt Diplosoma listerianum (Milne-
Edwards) was only li ving on one of the crab-tiles, whilst the hyclroid Obelia dichotoma 
(L. ) was recorded li ving on 35.2% or the tiles. Ulva intestinalis (L.) was the most 
abundant alga to colonise the tiles and was present on over 80% of them. The next most 
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successful algae was Porphyra sp. followed by juvenile fucoids and Ulva lactuca ~L.). 






Balanus crenatus (underside of tile) 








Mean number % of all 
of individuals tiles· 
per tile (SE) occupied 
24.8 ± 2.8 







Fixed underwater cameras have seldom been used to quantify habitat use of fauna on 
estuarine mudflats. This study has shown that this method is a useful, non"invasive 
technique of quantifying mobile fauna abundances and behaviour intertidally during 
high tide. 
The C!:ffect o(crab-tiles on the distribution o(Carcinus maenas 
Until now it was only known that C. maenas occupied crab-tiles during low tide; 
however, observations made using the underwater cameras have shown that during high 
tide, crab abundance was significantly b'Teater in tiled sites than control sites (Figure 
5.4). It is also possible that the abundance of crabs in tiled sites was underestimated as 
crabs often bury deep down the back of the tile, and sometimes beyond the back of a 
tile. It is not known whether all crabs which are buried will surface during every high 
tide, and so some of the crabs may not have been observed by the cameras. It is unlikely 
that crabs were buried in the mud in the control sites as Edwards ( 1958), Crothers 
( 1968), Klein Breteler ( 1976) and Dare and Edwards ( 1981) agree that C. maenas 
seldom bury in soti mud, but prefer to shelter under rocks and weecL 
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There are three models which could explain the greater number of C. maenas in tiled 
sites than control sites. The first is predator avoidance. The crab-tile may provide 
protection to the crabs when tiles are immersed from diving birds and carnivorous 
fishes. A grebe was observed diving down onto the tiles trying to catch a large C. 
maenas, and a flounder, which appeared to be foraging, was seen swimming straight 
down the back of a crab-tile. Also, C. maenas is cannibalistic, and so crab-tiles could 
also provide protection from predation by conspecifics. Although, this is unlikely as 
tiled areas were a hotspot for fighting amongst con-specifics. The only crab~fightiii.g 
which was observed in July was in the tiled sites; in March however, the number of 
fights were equal in both treatments. -
The second model to explain the t,>reater abundance of crabs in tiled sites than· in 
controls is that tiles may cause prey species to aggregate. For example, infaunal 
polychaetes and bivalves; conspecifics; and epibionts such as algae, which are all prey 
items for C. maenas (Crothers 1968). The third model is that crabs guard their tile 
during high tide so that they can occupy it during low tide when they arc vulnerable 
from avian predation and abiotic stresses such as desiccation. To determine which 
model or which combination of models best explains C. maenas distribution, further 
experimental manipulation would be required. 
Although C. maenas did tend ·to be more abundant in tiled sites than control sites in the 
two sampling times (March and July), the way in which tiled sites were utilised was 
di ffcrent between season. In March, crabs in tiled sites were more stationary than crabs 
in control' sites, and more stationary than crabs in tiled sites in July. The mobility of 
crabs in tiled sites in July however, was similar to crabs in control sites (Figure 5.5). 
Crab-tilers do tend to tindl more crabs in tiles during low tide in late winter than in 
summer months (Smye pcrs. comm.). Temperature therefore, may be the cause of crabs 
being more stationary near crab-tiles in March when the water •temperature was 7'C 
lower than the water temperature in· July. If crabs stay close to crabctilcs during high 
tide, guarding their teiTitory, there presumably is a higher chance of them occupying the 
tile during low tide, when the crabs can remain in a tile conserving energy, rather than 
maintaining vigilance from aquatic predation by retreating with the tide. Crabs arc 
known to slow down, and become less active when the water is coldci' (Attrill et al 
1999, Crothers 1968); thcrctorc, crabs which have found suitable refuge (a crab-tile) 
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may chose to stay in it, whereas crabs in control sites may still be searching for potential 
areas.of refuge to reside in during low tide, hence being more mobile. 
The effect o.f crab-tiles on the distribution o.f species assemblages 
The distribution and behaviour of animals are thought to be affected by changes in the 
geometry and structure of their environment (Jacobus and Webb 2005). However, the 
addition of crab-tiles to the mudflat in March 2005 had no effect on number of 
individuals (Figure 5.6) or number of taxa (Figure 5.7). In July however, whilst number 
of taxa was still similar between treatments, the mean number of individuals (per I 0 
minutes) in the control sites was nearly twice that in the tiled sites. This suggests that 
whilst tiles may cause mobile species to aggregate, they did not attract new species to 
the area. However, tiles were only in the water for one month for the first sampling 
time, and for a further four months for the second' sampling time. Crab-tiles which are 
used commercially remain on mudflats continuously; therefore, with time more species 
may be attracted to tiled areas. It should also be considered that one extra species to an 
area might not be significant in a Mann-Whitney U test, but if it was an introduced 
species, for example, the wann water bamacle Solidobalamis .fa/lax as previously 
discussed (see introduction), it could have adverse ecological effects. Similar to the 
species abundance trends in July, Wilhelmsson et al (2006b) found. that by adding PVC 
pipes to mudflats increased the number of individuals but not the number of species. 
This observation was also made when comparing offshore wind turbines to control 
areas. The abundance of fishes was greater near to the turbines than in areas of natural 
seabed, but the number of species was the same_ (Wilhelmsson et al 2006a). 
Overall, fauna! assemblages were not different between treatments for either month 
(Figure 5.8). It was considered that benthic and pelagic taxa may respond differentlyto 
crab-tiles. For some groups, tiles may increase habitat complexity while for others they 
fragment an othet'Wise unifonn habitat (e.g. Okland 1996). Therefore crabctiles may 
attract certain species or deter others depending on the spatial scale at which the tiles are 
perceived; or for some organisms, whether they actually use tiles as habitat. Therefore 
the number ofbenthic fauna was analysed separately to the number ufpelagic fauna, 
The number of benthic individuals was not different between treatments during either 
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month (Figure 5.9); however, the mean proportion of those which were stationary was 
approximately twice those that were stationary in the controls, This trend was consistent 
during March and July, though the effect was not statistically significant in either 
month. Stationary bent hie fauna tended to be; courting gobies 'flashing' each-other, or 
feeding mysids and shrimps, which foraged on material on the tiles and the substratum. 
Unfortunately their food was too small to be identified using the cameras. Often, 
benthic fauna appeared to be doing nothing at all. Therefore, benthic fauna may tend to 
be more stationary around crab-tiles due to increased food availability near tiles, or 
using the tiled sites as a meeting place, Bent hie fauna may also stay near to crab-tiles so 
that as the tide recedes, they can remain in the intertidal pools which fom1 around the 
tiles. 
The pelagic animals which were observed in this study all swam past the cameras fairly 
quickly, and so it was impossible to di tferentiate between behaviours in control sites 
and tiled sites. Occasionally, feeding frenzies were filmed, when more than 10 
individuals would appear to feed in one area simultaneously, for example, with mullet 
or bass, but were too infrequent to compare statistically between control and tiled sites. 
Pclagic species were rarely filmed during March. There was only a mean of0.35 (O.Ii6 ± 
SE) pelngic t~wna observed per ten minutes in control sites nnd 0.26 (0.16 ± SE) per ten 
minutes were observed in tiled sites. Conversely in July, over 9mean (2.8 ±SE) pelagic 
individunls were observed per ten minutes in the control, which wns nearly three times 
as many as the pelagic !~tuna observed in the tiled trentment (Figure 5.11 ). It is unknown 
. w.hy pelagic fauna may nvoid cmb-t i led areas, or arc more attracted to ·bare mud tlnt. The 
opposite was expected as the tiles were fouled in July and fouled structure has been 
associated with an increase in the abundance of organisms (Lnegdsgaard nnd Johnson 
200 I; Conncll and Glasby 1999). It wns also expected that the number of species would 
be higher in July as the tiles had been in situ tor longer and species diversity has been 
shown to incrcnsc with time (:Laegdsgaard and Johnson 2001 ), Laegdsgaard and 
Johnsnn (200 I) showed that small juvenile fishes move into mangrove shelter in the 
presence of predators, or if there is fi:JOd nssocinted with structure. Crab-tiles however, 
were occupied by the predator C lltaenas, therefore rather than shelter being associated 
with refuge; the tiles mny be a more dangerous place to occupy than open areas of 
mud flat. Othei· than C macnas, the only other taxa which were found more nbundantly 
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in tiled sites than control sites during either month were mysids which are unlikely to be 
heavily preyed upon by C. maenas. Hypotheses relating to this model would be best 
tested in laboratory-manipulated experiments where the factors structure, predators and 
food availability could be controlled for. lt could be that crab-tiles altered the flow of 
the river, and are perceived as an obstruction to the pelagic fauna. Nugues et al ( 1996) 
found that oyster trestles in estuaries significantly reduced water current on the flooding 
tide. If tiles do disturb the flow ofthe river, this may also explain why benthic fauna are 
more stationary around them: they may be sheltering from the forces,of the tide. 
The consequence of increased numbers of C. maenas 111 tiled sites could have 
consequences to infauna which are prey species (Crothers 1968; Eriksson and Edlund 
1977; Ratfaelli et a] 1989), which is discussed further in Chapter 3; whereas the result 
ofincreased abundance of mysids in tiled sites is likely to be negligible as they mostly 
eat zooplankton or phytoplankton (Jumars 2006). 
If species abundances around tiles are related to the occurrence of predators, then other 
factors associated with predation risk would likely affect the use of crab-tiles through 
the tidal cycle, such as day/night; visibility, and direction of flow. However these 
factors would be extremely hard to test using underwater cameras. lihe results of the 
study were only as good as the visibility of the water column, which changes with tide 
and light availability. When the tide was in full tlow it was virtually impossible to see 
anything let alone identify species, although this is not to say that they were not there. 
In contrast, sometimes the visibility of the water allowed three crab-tiles to seen with 
one camera (approximately 3 metres visibility). Therefore, although it would be 
valuable to see how assemblages change with these environmental variables, essentially, 
the comparison would only be between different levels of visibility, which is not useful 
in this context In order for future comparisons between tidal state, day/night and 
treatment to be made, the visibility of the water should be quantified so that 'field of 
view' can be considered as a covariate. 
Two turthcr problems were associated with using underwater cameras to measure the 
effects of the structure of crab-tiles. Firstly, the cameras introduced their own structure 
to the area. Species responded to the cameras. For instance, mysids appeared to 'clean' 
the cameras, and C. maenas came right up close to inspect them. However, the same 
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amount of complexity from the cameras was equal between control sites and tiled sites; 
therefore, differing degrees of complexity was still measured. The second problem is 
one of independence of these data. The sites were spread far enough apart that it was 
reasonable to expect that mobile fauna would not be measured twice, but there was no 
way to be certain that this was the case. 
Future studies should also find ways to increase the amount of footage tor each 
treatment to increase the sample size for each replicate, and to increase the number of 
replicates. The need to standardize n-values was essential' due to the variability between 
the amounts of footage which contributed to each replicate. lt would have made no 
sense to compare the total number of fauna from I 0 m ins worth of footage from 
controls with 40 mins worth of footage from tiled sites. However, the fauna 
standardized tor replicates with the greatest amount of time will be more representative 
of the natural state oft he fauna than a replicate with a small amount of time contributing 
towards it. Ideally, ·every camera should be attached to its own monitor with an 
independent observer so that every minute of filming could count towards final 
anaiyses. Future observers should also have a method for uncsnagging algae which is 
caught on the camcms, which was the cause for much lost footage, especially in July as 
VIva was abundant in the estum;y. This loss of tootage was one reason why the 
experiment was .unbalanced. 
Overview 
Thispreliminary study of the effects of crab-tiling to mobile fauna during high tide has 
provided an insight into what is achievable using fixed underwater cameras in estuaries. 
Positive identification of species can be made, their behaviour observed and quanti lied 
without being affected by human disturbance. However, the limitations of using this 
equipment have also been discussed. 
This study found that the abundance of crabs was greatel' in tiled sites than wntrol sites, 
and that in Jtily, the mobility of crabs was higher in control sites than in tiled sites. Also 
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in July, the total abundance of all fauna was higher in control sites than tiled sites. This 
suggests that due to the greater abundance of C. maenas in tiled sites, which are mostly 
stationary in the entrance of a crab-tile, the majority of the other fauna forage away 
from crab-tiles and C. maenas over areas of open mud flat. 
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Chapter 6 - Discussion 
Crab-tiling is a relatively unmanaged and unstudied fishery for Carcinus maenas (L.), 
which predominantly operates in estuaries in south-west England. This study has 
identified some of the potential impacts of crab-tiling within estuarine ecosystems, and 
established the extent to which these potential effects occur, in order to better 
understand how crab-tiling effects ecosystem processes and services so that 
management can be based on ecologically infonnecl decisions (Chapin et al 2000; Diaz 
and Cabido 200 I; Loreau et al 2002). 
Crab-tiling was shown to have significant impacts on: the target organism C. maenas; 
infauna which reside around crab tiles; wading shore birds which forage on mud and 
sandtlats where crab-tiles arc laid; and aquatic species which come into contact with 
crab-tiles dUiing high tide when tiles are immersed. Figure 6.1 summarises the main 
observed effects of crab-tiling to estuarine fauna in this study. Every impact that was 
directly measured may in tum have ·indirect effects, which may cascade through the 
food web Winnegar et al 2000). Bender et al ( 1984) found indirect effects to be longer 
lasting than direct effects. Figure 6.2 is a conceptual model which proposes hypotheses 
of the indirect effects which may occur as a result of the direct effects measured in this 
study. 
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Increased aggregation of foraging 
patterns around tiles (greater proportion 
of time spent and time spent feeding 
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Greater abundances of C. maenas in tiled estuaries 
than control estuaries, and different size frequencies 
of populations with a smaller modal size. 
Greater abundances (though not significantly 
different) of crabs in tiled sites than not tiled sites, 
which can be more stationary in tiled sites than not 
tiled sites. 
Fewer individuals 
observed in tiled sites 
than not tiled sites 
(summer). 
Tidal immersi pn 
Crab-tiling caused there to 
be fewer, individuals, taxa 
and changed species 
assemblages. 
Living within a sedimentary habitat on tiles 
where they naturally would not occur 
Figure 6.1 A conceptual model to demonstrate quantified ecological impacts of crab-tiling activity 
to estuarine fauna. 
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Figure 6.2 A conceptual model to demonstrate hypotheses generated from observed effects, which 
remain to be tested to show the indirect ecological effects of crab-tiling. 
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This Chapter will summarise how crab-tiling was found to directly affect each group of 
estuarine fauna (C. maenas, infauna, wading shorebirds and aquatic fauna), the 
established mechanisms or proposed mechanisms responsible for these effects and 
discuss the potential consequences to the ecosystem as a result of these direct impacts. 
Potential management strategies will also be discussed, and suggestions made for the 
direction of crab-tiling research. 
Carcinus maenas 
Fisheries are typically responsible for the depletion in size and abundance of the target 
species (Pauly et al 1998; Haedrich and Bames 1997; Jennings el al 2001 ). However, 
contrary to previous concems that crab-tiling had dramatically reduced the numbers of 
C. maenas in estuaries, crab-tiled estuaries were found to have significantly greater 
abundances of C. maenas (per unit effort catch) than not-tiled estuaries (Table 2.2, 
Figure 2.4). The total biomass of C. maenas in tiled estuaries was over four times 
greater than in not-tiled estuaries (Figure 2.8). This suggests that despite the removal of 
crabs from estuaries, the consequences of habitat provision, such as protection from 
predation, had a far greater effect 
Creating habitat in order to attract fauna is not limited to crab-tiling. Other fishing 
practices such as the use of fish aggregation devices (Kawamura et al 1996; Rountree 
1"989) or artificial reefs (Grove et a] 1991') arc used to attract fishes to localised areas in 
order to improve catches. There is no evidence however, that these methods increase the 
abundance of the target organisms, only that they aggregate fauna to a specific area. 
Crab-tiling, however, not only aggregates C. maenas (Chapter 5), but also enhances the 
abundance of crabs in estuaries. Laying refugia to attract crustaceans is also a· fishing 
practice in South America, where corrugated iron 'tiles' known as 'casitas' are ·laid on 
scagrass beds to attract rock lobsters Panulirus argus so that they can be collected and 
sold (Briones-Foumin and Lozano-Alvarez 200 I; Karnofsky et al 1989). This fishery 
also increases the abundance of the target organism. However, also similar to crab-tiling 




From a commercial point of view, stock enhancement of the target spec1es may be 
considered a positive effect of a fishery, though from an environmental perspective, 
increased abundances of a predator such as C. maenas may have adverse ecological 
implications. 
Other systems have shown high densities of one spec1es to negatively affect others 
through the food chain. In San Francisco Bay, high density clams Potamocorbula 
amurensis have been shown to filter so much phytoplankton, that copepods which feed 
on phytoplankton are reduced in abundance. A reduction in copepods was also thought 
to substantially affect abundances of .their tish predators (Kimmerer et al 1994). In 
freshwater systems in the UK, invasive signal crayfish Pac((astacus leniusculus (Dana) 
threaten the survival of eo-occurring native species of crayfish Austropotamobius 
pallipes (Lereboullet). P. leniuscu/us is carnivorous. Due to the removal of many large 
animals, the smaller ones prospered and bred as ·they were not eaten by their larger 
conspeeities. This has provided increased numbers of prey tor predatory tish in the 
systems, \vhich have been reported to have grown to unprecedented sizes (Sibley et al 
2002; Sibley pers. comm. 2006). C. maenas ·is an opportunistic omnivore (Raffaelli et al 
1989). An increase in the abundance of C. maenas is therefore likely to have indirect 
effects on other fauna. Previous studies have reported that increased abundances of C. 
maenas have caused morphological changes to molluscs, such as inducing thicker shells 
in 111l'tilus edulis, Nucella lapillus and Littorina saxatilis (Leonard et al' 1999; CmTey 
and Hughes 1982; Johannesson 1986), to cause significant decreases in populations of 
cultured 'Paci tic oysters Crassostrca gigas (Walne and Davies 1977), mussels M. cdulis 
(Dare and Edwards 1976; Davies et al 1980), and hard clams Mercenaria mcrcenaria 
(Walne and Dean 1972) and have also changed the composition of macro-benthic 
infauna assemblages (Scherer and Reise 1981; Gee et al1985; Femandes et al 1•999). 
C. maenas also modi lies sedimentary habitat. C. maenas has hindered the re-
establishment of seagrass Zostcra marina as a consequence of its digging activities 
(Davis et al 1998) and prevented the establishment of mussel M. edulis and cockle beds 
Cerasrodemw edu/e. Nevertheless, C. maenas digging activity also aerates the top layer 
of stable anoxic mud making it more habitatable tor infauna (Schratzberger and 
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Warwick 1998) (Figure 3.13, see Chapter 3). 
Increased abundances of C. maenas may also have effects on its predators such as bass 
Dicentrarclws labrax, and migratory coastal seabirds such as oystercatchers 
Haematopus ostralegus (Goss-Custard et al t977). However, ·based on qualitative 
observations, the availability of crabs may only increase for certain predators. Crab-tiles 
appeared to make prey more available for curlew Numenius arquata as they were often 
observed walking along a row of crab-tiles, systematically checking each crab-tile in 
turn, collecting the crabs betore eating them (see Chapter 4). Conversely, crab-tiles 
appeared to protect crabs. from aquatic predators. During high tide a diving grebe 
Podicipedidae sp. was observed targeting a crab which was near to a crab-tile; however, 
the crab took cover by the tile escaping the grebe's attack. Also, tlatfish flounder 
Platichthysflesus, and pelagic fish bass D. labrax, that both predate on C. maenas, were 
observed exhibiting feeding behaviour around the tiles, but apparently without success 
(see Chapter 5). An increase in the availability of C. maenas may potentially cause a 
local shorebird population ·increase, putting further pressure on their other prey sources, 
such as infauna. Or, an .increase in C. maenas may not cause an increase in the number 
of birds in an area, but may cause the birds feeding there to switch their preferred prey 
from infauna to C maenas, which would result in a decrease of predation pressure on 
infauna. Whilst greater abundance of C. maenas provides more prey for birds, C. 
maenas also compete with birds for a common resource: infauna. Greater abundance of 
crabs could: therefore lead to increased competition tor infaunal prey with birds, Adult 
crabs are known to eat juvenile conspecifics (Moksnes 2004) and so may further 
compete with birds tor this alternative food resource. 
Hypotheses concerning the indirect effects of an increase in C. l'naenas in estuaries now 
need to be constructed and tested. Assumptions ofhow an increase in C. maenas will 
affect ecosystems should not be made solely on potential effects which have been 
flagged in the literature, as predictions based on observations made in other studies may 
not necessarily be comparable, due to the high spatial and temporal variability of natural 
systems. ln Bodega Bay Harbour, California, USA, two instances of significant rises in 
crab populations have occun·ed, and the impact of this increase caused different 
responses across trophic levels. lihe tirst was due to a massive increase in the 
recruitment of Cancer magister, which caused a multi-trophic level impact resulting in 
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reduced abundances of infauna and shorebirds, which were linked to severe predation 
and a •lack of food respectively ~Ruiz 1987). The second crab population increase was 
due to the introduction of C. maenas to estuaries, which substantially increased in 
abundance, but only had a single trophic effect, which was on infauna assemblages 
(Grosholz et al 2000). llhe increase in the abundance of C. magister was greater than the 
increase of C. maenas and was over months; the increase in C. maenas was smaller and 
was over years. The difference in response of estuarine fauna to varying scales of time 
and magnitude of disturbance are thought to ·be a product of compensatory measures 
which biota in estuaries can utilise; such as, behavioural changes include prey switching 
or the exploitation of -novel habitats. The replacement of sensitive species with those 
which are more tolerant can also occur, whilst maintaining the overall biomass, so 
shorebird prey levels remained unchanged. !(( is not known over what time scale crab 
abundances in crab-tiled estuaries have increased to the observed elevated levels. 
However, whilst an increase in the abundance of crabs may change infauna 
assemblages, this rise may not have adverse effects on vertebrate predators of in fauna; 
to detect this would require further laboratory and field manipulative experiments. 
Crab-tiling is a size and sex selective fishery, as .there is no commercial market for smalli 
crabs and crab-tilers do not ·take berried females. Fisheries which are size and/or sex 
selective, either due to demand or because of legislation, can cause a population 
demographic that is not representative of a natural population {Carver et al 2005). The 
selective removal of larger size categories of males from a population can significantly 
alter mating dynamics of a population, and hence also reduce its overall reproductive 
success, for example by spenn limitation (Hines et al 2003). However, this is unlikely to 
be the case in crab-tiled estuaries due to the significantly higher number of crabs 
residing in them, Whilst crabctiling was found to have no significant effect on C. 
maenas sex ratios (Table 2.5, Figure 2.6); a significantly different size ti"equcncy 
distribution of crabs between crab-tiled and not-tiled estuaries was observed ('Figure 
2.5). The modal size class in control estuaries was 30 mm (carapace width), whilst the 
modal size class in tiled estuaries was 20 mm. 58.8% of the largest crabs were caught in 
not-tiled estuaries, whilst 86.5% of the smallest crabs were caught in tiled estuaries 
(Figure 2.5). Fortunately, the minimum reproductive size of crabs is lower (30 mm 
carapace width- females, Dries and Adelung 1982; Eriksson. and Edlund 1977; Crothers 
1967), than the mininium size which crabs are taken (40 mm carapace width, Godclen 
177 
Chapter 6 
1995; Russell 1999; Ley 2000), therefore in crab-tiled estuaries there is a part of the 
population which is below the minimum size that is taken and able to reproduce. This 
could explain why there can still be high abundances of crabs in tiled estuaries. Female 
C. maenas are thought to release larvae on ebbing tides at the mouth of an estuary 
(Crothers 1968), which suggests that sink populations of C. maenas larvae should exist. 
This suggests that larval settlement might be the driving factor of larger C. maenas 
populations in tiled estuaries, as a consequence of tiles increasing the habitat complexity 
and protection for settling megalopae. 
A smaller modal size of crabs in estuaries could affect their availability to predators as 
prey can be too large to be consumed or too small to be profitable (Zwarts and Wanink 
I 993). Therefore, avian predators and pelagic predators of C. maenas may suffer from 
this shift in the population demographic of C. maenas in estuaries. If estuary managers 
decided that it was ecologically important to re-establish large C. maenas back into 
estuaries, it should be possible to replenish large sized crabs in estuaries by managing 
the size and number of crabs taken. 
If it is found that increased C. maenas abundances cause ecologically detrimental 
effects, it would not be recommended that crab populations are directly reduced as the 
increase in crab abundances, which may have occmTed over years, may have displaced' 
other species, through competition or predation. Thus enforced crab population controls 
may cause a concomitant depletion in the abundance-of wading birds and pelagic fishes 
which feed on C. maenas, or upset population control mechmhsms by C. maenas for 
infauna prey species. In order to reduce the population size of C. maenas it would be 
.. 
recommended that crab-tiling activity be stopped, and crab-tiles removed from 
estuaries, Natural processes could then 're~balance' elevated crab populations over a 
timescale which allows other organisms to fill the niche which may be left open as a 
result ofdecreased populations of C. maenas. Also, if crab-tiling is to be established in 
estuaries which are not yet exploited, it would be highly recommended that crab 
populations be closely monitored. 
!nf'auna 
lihe mechanical action of bait collecting has been shown, in some cases, to be more 
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detrimental than the collection of the target organism (Wynberg and Branch 1.994). 
Crab-tiling activity decreased the abundance of infauna (Table 3.2; Figure 3.5), the 
number of taxa (Table 3.3; Figure 3.6) and, in muddier estuaries (Yealm and Erme), 
changed the composition of macrofauna assemblages (Yealm: MDS: Figure 3.1 0, 
ANOSIM: Table 3.8; Enne: MDS: Figure 3.11, ANSOIM: Table 3.11.) These responses 
may largely be attributable to the fact that physical disturbance associated with crab-
tiling, mainly trampling, reduced the sediment stability of the mud, which was detected 
by a significant increase in the penetrability of the sediment (Table 3.16, Figure 3.14), 
making it a harsher, more unstable environment for fauna to live in (Warwick et al 
1990). 
In the muddier estuaries studied (Yealm and Erme ), crab-tiling caused most taxa to 
decrease in abundance. The taxa which were most atTected were annelids: oligochaetes: 
Tubificoides benedii, Tubificoides pseudogaster and Paranais litoralis; polychaetes: 
Spionidae, Manayunkia aestuarina, Nereis diversicolor (Enne) Nephtys hombergi 
(Yealm), which are known to suffer direct mortality or indirect mortality due to the 
collapsing of burrows (Wynherg and Branch 1994; Chandrasekara and Frid 1996) or 
being exposed to avian predation (Wynbcrg and Branch 199.), Chandrasekara and Frid 
1996). Crab-tiling also reduced abundances of molluscs 1-~vdrobia ulvae and Macoma 
balthica, copepods (Ycalm) and isopods (Ennc) (Table 3.9). Whereas the opp01tunist 
polyd]aete Capitella capita/a and nematodes were both more abundant in 'trampled' 
treatments in the Yealm (SIMPER: Table 3.9); though they were more abundant in not-
trampled treatments in the Enne (SIMPER Table 3.12); which suggests that the 
opportunist nature of these taxa is estuary dependant. 
The changes in species composition recorded here could have implications for many 
aspects of ecosystem functioning. lnfauna represent perhaps the pivotal group in the 
estuarine tood web. They are a vital food source tor: wading shore ·birds (Goss-Custard 
and Verboven I 993; Caldow et al 2003) (e.g. bar tailed god wit Limosa lapponica. 
curlew N. arquata. redshank "li·inga to/anus: grey plover Pluvialis squatarola (Snow 
and Pcrrins 1998)), ecologically and commercially impmiant fishes (e.g. sole So/ea 
so/ea, dab Limanda limanda, llounder P. .flesus and plaice Pleuronectes platessa 
(Dipper and Powell 1984)), and the target species of crab-tiling, C. 111aenas. As C. 
macnas populations were l'lnmd to have increased as a result of crab-tiling; the indirect 
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effects of a change of infauna assemblages are unlikely to effect C. maenas. The 
potential effect of a reduction of infauna populations to wading shore birds however, 
could be detrimental. Van Oils et al (2006) found that commercial cockle C. edule 
dredging caused significant declines of red knot Calidris canutus islandica wintering in 
the Dutch Wadden Sea, due to the decline in prey abundance and quality associated 
with the dredging. Some estuaries in south-west England which are commercially tiled 
have conservation status for their importance as feeding grounds for mi!,rratory shore 
birds, such as the Exe estuary which is designated as a Special Protection Area (SPA). it 
is therefore vital that infaunal food reserves for shorebirds be preserved. 
In fauna also have an important bioturbating effect on estuarine sediment (Cadee 1976, 
Brenchleyl981 ). Bioturbation is an important process which stimulates oxygenation of 
the sediment and causes particle erosion, which enhances the direct release of nutrients 
into the water column. This is an important ecosystem function as it fuels planktonic 
primary production (Nedwell et al 1999, Henriksen et al 1980). Whilst this study did 
measure changes in abundance and diversity of infauna, further research needs to be 
conducted to quantify what these changes actually mean for the contribution of 
hioturbating processes to benthic pelagic tluxes. For example, as a result of trampling 
associated with crab-tiling N. diversicolor was less abundant. N. diversicolor is a highly 
mobile species, which actively burrows through sediment (Bites et al 2002) releasing 
double the amount of Nl-14 -N than more sedentary filter feeders such as M. edulis and 
C. edule (Bites et a! 2002) (Chapter 3). Sedentary filter feeders however such as 
Macoma balthica were found in lower abundances as a result of crab-tiling, make a 
significant contribution in lowering ammonia levels in the water column by removing 
pat1iculate matter from the water column they reduce the surface area available to 
microbes (Bites et al 2002). It is these microbes which convert organic nitrogen to the 
ammonium ion, through a process called ammonification (Raftaelli et al 2002). The 
balance of deposit feeders.and filter feeders.thus will affect nitrogen cycling in estuarine 
habitats. "];here tore a diverse assemblage of infaunal species which perform a variety of 
functional roles is likely to be impo11ant in sustaining the contribution which intauna 
make to estuarine ecosystem processes (Hooper et al 2002). 
When evaluating the potential consequences as a result of in fauna composition change, 
it must be remembered that although the identity of a species may change, the 
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functional contribution to ecosystem functioning may remam intact. For example, 
McLusky and McCrory ( 1989) found that a change in salinity caused Nereis spp. to be 
replaced by Nephtys spp. due to their different tolerances of salinity. However, the 
population abundance and density of the replacement Nephtys spp. was found to be the 
same as its predecessor Nereis spp, and therefore could provide the same diet for birds 
and have potentially similar effects on their prey. Both Nereis spp. and Nephtys spp. are 
active animals that rapidly burrow, swim well and have a muscular eversible proboscis 
which is extremely effective at prey capture (Clark 1962); it is therefore likely that their 
roles as predators and bioturbators are also similar. This is only an example, as in this 
present study all larger polychaetes were found in lower abundances and there was no 
indication of similar sized species replacing them. In order to properly test this level of 
species interactions, expefiments conducted over longer .timescales than one month 
would need to be conducted to allow time for these processes to take place. 
Trampling was found to cause the most significant disturbance to infaunal assemblages. 
FUiiher research should therefore be conducted to test whether the frequency of 
trampling is also important. Findings from this type of research may help advise 
managers about how often crab-tilers should service their tiles, and whether a rotation 
style of tiled areas would help reduce the impact of crab-tiling on estuarine fauna. 
Managers would then need to consider the lasting effects from disturbance as sediment 
left undisturbed could only be considered functionally undisturbed when the sediment 
and the in fauna assemblages have recovered. If the responses of the biota are related to 
the change in stability of the sediment, this recovery time, using penetrability as a 
proxy, was found to be dependent on mean sediment grain size. In the sandies.t estuary 
(Avon) it was shown that potentially the sediment could recover within 7 weeks; 
however, the muddier estuaries would be expected to take longer than 22 weeks to 
recover (Table 3.19; Figure 3.15). The impact of crab-tiling was more severe in the 
muddier sediments. Mudtlats are more productive than sandtlats (Mclachlan 1996), and 
are important feeding grounds for birds (Goss-Custard and Verboven 1993) and as 
feeding and nursery areas for ecologically and commercially important fishes (Mm·shall 
and Elliot 1997; Elliot and Taylor 1989). Mudtlats are also preferred by feeding birds to 
sandtlats (Goss-Custard and Verboven 1'993), and so it would be strongly recommended 
that crab-tiles are laid on sandier tlats than mud flats. 
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Ep[(auna (livingon the tiles) 
Crab-tiles were found to provide habitat for species which would1 not occur naturally in 
soft sediment habitats. Species found living on tiles just after 5 months of the tiles being 
laid in the sediment were as follows: barnacles: Balanus crenatus and Elminius 
modestus; gastropod Littorina littorea; sea squirt Diplosoma listerianum; hydroid 
Obelia dichotoma; and algae: VIva intestinalis, VIva /actuca, Potphyra spp. and 
juvenile fucoids Fable 5.2). Crab-til'es arc also known to provide substrata for the 
gastropod Gibbula spp, (Cook et al 2002), algae: G;·acilaria verrucosa, Apoglossum 
rusc((olium, Palmaria palmata; colonial ascidians Boll:vllus schlosseri and sea stars 
Asterias rubens (Lockley 2001). The potential effects of such species living on 
sedimentary habitats where they normally would not occur has not been investigated, 
but could provide additional prey for estuarine predators. However, this increase 111 
biodiversity which naturally would not occur does not suggest that laying tiles 111 
estuaries is a positive conservation tool. Whilst tiles may be good tor epifauna, infauna 
residing in sediment below crab-tiles suffer a reduction in abundance and diversity 
(Cook et al 2002; Lockley 2001 ). 
Wading shorebirds 
Crab~tiles in estuaries did not affect the distribution of bird assemblages (Figure 4.3 ). 
The number and diversity of birds feeding in tiled sites was similar to those feeding in 
not-tiled sites. The composition of bird behaviour however, was different depending on 
whether they were in a tiled· area or a not-tiled area (Figure 4.1 0) (see Chaptel' 4 for a 
detailed description). Also, within a tiled area, the composition ofbird behaviour was 
different depending on whether they were next to a tile or away .from a tile (Figure 4.7): 
the relative amount of time that birds spent next to tiles was significantly greater than 
the time that birds spent away from tiles (Table 4.5, Figure 4.4), and the percent of time 
that birds spent feeding was significantly greater when birds were next to tiles than 
away from tiles (Table 4.6, Figure 4.5). Also both redshank and curlew were found to 
spend more time feeding more vigilantly (i.e. spent more time feeding with 
proportionally more head up behaviour than head down behaviour, see Chapter 4) away 
from tiles than next to tiles in early winter, although in late winter, the degree of vigilant 
feeding observed was independent of the birds proximity to tiles (Table 4. 7, Figure 4.6 ). 
182 
Chapter 6 
For details of the specific behaviours observed, see Chapter 4. 
Aggregated foraging patterns coupled with less vigilant feeding behaviour when birds 
were nexHo tiles than when they were away suggest .that tiles may also aggregate 
shorebirds prey and/or provide protection from predation. Wading shore birds are 
known to be impot1ant food• web components capable of controlling prey abundance 
(Kennish 2002); though, increased feeding behaviour of the birds around tiles may 
cause negative effects to infauna as it has been shown that abundances of infauna are 
lower in tiled areas; due to the trampling associated with crab-tiling. However, birds 
may be feeding near to tiles for an alternative prey supply as birds tend to feed in areas 
where food is relatively optimal (Ravenscroft and Beardall 2003). Wading shorebirds 
may, therefore, be switching their prey choice in the presence of tiles to species which 
•live in the pools forn1ed by the tiles, epifauna living on the tiles, or crabs residing under 
the tiles. If this is true then research should be conducted to detect whether birds in tiled 
areas are still meeting their necessary energy demands and what .effect their localised 
teeding has on infauna. 
If crab-tilingactivity is found to decrease the chance of birds feeding optimally, then 
areas of the estuary which are known to be used by wading shore birds should not be 
tiled, or should have tiling limited to the summer months when migratory birds are 
away. 
Mobi/e/(utna when tiles are immersed 
Mudtlats and sandtlats are impot1ant nursery areas and teeding sites for tlshes, such as 
plaice P. platessa (Mm·shall and Elliot 199'7), bass D. labrax and t1ounder P. fleSlls 
(EIIiot and Taylor I 989). During high tide, crab-tiles affected the distribution of C 
maenas, other benthic species and pclagic fauna. Changes to the disttibution of fauna 
around crab-tiles could have effects on the patchiness of both their prey and predators. 
Overall, multivariate analyses detected no significant effect of crab-tiles on species 
assemblages (Figure 5,8); however, a significantly greater number of individuals were 
found in control sites than tiled sites in July. In March, however, the abundance of 
individuals in both treatments was relatively low (Figure 5.6). This highlights the 
importance of incmvorating ·season as a factor when designing field based 
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experiments. Trends which are observed at one time of the year are not necessarily 
going to be consistent throughout the year (Figure 5.7). 
When fauna were analysed separately based on functional· group (pelagic or benthic), 
there were significantly more pela~:,ric individuals in control sites than tiled sites in July 
(Figure 5.11 ). Bent hie individuals tended to be more abundant in control sites than tiled 
sites (Figure 5.9); yet were more stationary in tiled sites (Figure 5.1 0). C. maenas were 
found to be more abundant in tiled sites than control sites (Figure 5.4), and more 
stationary in tiled sites than control sites during March, but appeared to be fairly mobile 
at. both treatment sites in July (Figure 5.5), The tiles were affecting the distribution and 
behaviour of fauna at a relatively small spatial scale, though in opposing ways for 
different species. Intuitively, it would be thought that predators of C. maenas such as, 
bass D. labrax would be found in higher abundances near .tiles where crabs can be 
found; 1however, the tiles may provide sufficient protection from predation and crabs 
were found to be more stationary. If crabs were more vulnerable to pred'ation when they 
are mobile and away from refugia, then this may explain why pelagic C maenas 
predators were found in greater abundances in· control sites. In this study however, 
whilst significantly more mobile crabs were mobile in control sites in March, it was 
only in July that si~:,rnificantly more pelagic fauna were observed in control sites than 
tiled Sites. Replicates of this study were limited and preliminary, therefore it would be 
worthwhile to explore this model further and measure whether attacks on C maenas are 
more successful when they are away from tiles than when they are next-to tiles. 
Otlen, increased structural compl'exity has been associated with increased tauna 
abundances (Letourneaur et al 2003; Rilov and Benayahu 2000; Dempster et al 2002; 
Wilhelmsson et al 2006a and b). The fact that C maenas is relatively more abundant in 
crab-tiled sites than in· control sites, and other species were relatively more abundant in 
control sites, could be due to the aggressive nature of C maenas, which is a voracious . 
predator (CJ·others 1968; Eriksson and Edlund 1977) and out-competes other estuarine 
tauna seeking shelter from predators in this otherwise homogenous environment 
(Laegdsgaard and Johnson 200 I). Flounder P. Jlesus was also observed' swimming 
down the tunnel dug out under crab-tiles, but was immediately chased off by C maenas 




Historically, the sustainability of bait collection has been assessed based on the 
abundance of the target species ~Slake 1979; Jackson and James 1979). However, this 
study of crab-tiling has shown the importance of measuring impacts of a fishery at a 
range of trophic levels, not just the target species C. maenas. Direct effects caused by 
the physical activities of crab-tiling have been tound to have impacts through the 
ecosystem at many trophic levels (Figure 6.1 ), which demonstrates the need for 
ecosystem based management. The indirect effects of crab-tiling therefore also need to 
be considered (Figure 6.2). The ecosystem eftects of crab-tiling to date have been 
largely underestimated. Goss-Custard and Verboven (1993) concluded that the 
disturbance caused by crab-tilers to birds is negligible because of the low number of 
people crab-tiling, however, they did not consider the potential indirect effects caused 
hy crab-tiling to the birds food supply. Also, an ecosystem management approach must 
take into account that the effects measured from crab-tiling be considered as a further 
anthropogenic activity causing ecological disturbance in· estuaries, in addition· to factors 
such as, bait digging, bivalve cultivation (oysters, cockles and' mussels), launching and 
mooring boats, commercial fishing, angling, dog walking etc. (Spencer 2002). 
A re-occurring theme throughout this thesis was the spatial and temporal variability of 
almost every response variable measured. Estuaries are complex systems, which vary 
considerably 111 geomorphology, hydrography, salinity, tidal characteristics, 
sedimentation, and ecosystem energetics over temporal and spatial scales. As a result, 
biotic communities also var.y substantially in estuarine systems (Kennish .2002). 
Significant differences within this present study were found at the scale of: site within 
estuary (tor example, sedimentary characteristics, abundance of in fauna and abundance 
of crabs); between estuaries (such as, number of birds, diversity of birds, sedimentar.y 
characteristics) and temporal differences (such as e.g. abundance of aquatic fauna and 
behaviour of birds). This demonstrates the imp011ance of designing experiments which 
can detect these di ITerences so that they can be considered when managing 
environmental problems. 
Kcnnish (2002) stated that "the loss and alteration of estuarine habitats usually degrade 
biotic communities". Whilst crab-tiling does not physically remove habitat, it has been 
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found to modify sedimentary properties, and in turn, caused changes to biota. During 
this study several ecological impacts caused by crab-tiling were identified. There is still 
much research to be undertaken to fully understand the effect of this fishery at the scale 
of the ecosystem; however, a-common problem in conservation science and policy is the 
failure to distinguish critically important conservation issues from trivial ones 
(Sutherland 2000). The consequence is that there is a dissipation of effort and a failure 
to use resources in the most effective manner (Gill et al 200 I). Therefore, the extent of 
impact caused by crab-tiling needs to be carefully considered. Based on results found 
here, the following management strategies should be considered to mitigate the effects 
of crab-tiling. 
I. Work should be undertaken to measure (i) the potential ecological effects of an 
increase in crab abundance in estuaries, and (ii) the effects of a changed population 
towards a smaller modal size, whether it be through increased predation pressure to prey 
species, increased competition with other predators, or the effect of the increasing prey 
source (itself) on other predators. If it is deemed important to maintain larger crabs in 
estuaries, a maximum size limit of crabs allowed to be taken should be enforced. If the 
increase in abundance of crabs is found' to be ecologically detrimental, then 
experimental work could be undertaken to assess whether crab-tilers can mitigate this 
problem by taking more smaller crabs. 
2. In fauna appeared to suffer from both the direct physical activities of crab-tiling and 
the indirect etl"ects of attracting infauna predators to crab-tiled areas (crabs and shore 
birds). As previously discussed, infauna are integral, hugely important components of 
the ecosystem and therefore the indirect effects oftheir reduced abundance and diversity 
to their predators, and the potential decrease in the ecological functions they perform as 
bioturbators, need to be quantified. 
3. Disturbance to infauna was repeated 3 times a week for I month in this study. 
Commercial crab-tilers occupy areas of mud tlat continuously and alien visit their tiles 
more fi·equently than 3 times a week. Long tem1 research should therefore be 
undertaken to see what the increased time scale effects of crah-tiling arc and also 
whether the frequency that the tiles arc visited makes a difference to infauna 
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assemblages. The recovery of the fauna also should also be quantified so the 
management strategies can be developed, such as limiting the number of times a crab-
tiler can service their tiles per week, and whether they could effectively rotate those tiles 
harvested for crabs to lessen infauna impacts. 
4. An anecdotal observation was made that if tiles were left un-serviced for longer, 
crabs inhabiting tiles tended to be larger. Crabs were seen to ag~:,'Tessively fight over 
crab-tile occupation. As there are fewer large crabs in the population, large crabs might 
not come across tiles as otlen as smaller crabs. Consequently, tiles could be left for 
longer and still be as relatively profitable, whilst infauna and birds could be less 
disturbed. Also, as birds in tiled areas spent more time and more time feeding next to 
tiles than away from tiles, fut1her research needs to be conducted to see whether birds 
are still meeting their energy requirements from prey items associated with the tiles 
such as epifauna, crabs, benthic fishes etc. to compensate tor depleted infauna 
abundances. 
5. The underwater cameras proved to be a useful tool in understanding distribution 
pallems and behaviour of aquatic fauna. The work conducted now needs to be repeated 
inc01vorating a longer timescale of observation in order to increase replication .and to 
build on our understanding of how crab-tiles affect aquatic fauna. 
Summary 
CutTently crab-tiles covcr vast areas of foreshore in estuarics in south-west England. 
Previous studies have already shown that the patches of sediment covered by crabctiles 
decrease the abundance and diversity of in fauna (Cook et al 200 I; Lockley 2001 ). This 
siudy has shown that scdiment adjacent to crab-tiles, whilst not disturbed by the 
presence of the craiHilcs, \VCre affected by the impact of trampling associated with 
crab-tiling, as sediment was made more unstable and infaunal species abundances and 
diversity were decreased. Crab-tiled' areas were also found to reduce abundances of 
aquatic fauna, aggregate and increase abundances of C. 11/aCIWs, provide substrata for 
cpifaunal organisms which would not naturally occur in sedimentary habitat, and 
changed the behaviour of t'ccding shorebirds. In addition, the presence of crab-tilers in 
estuaries may alter birds' feeding behaviour, though this was not measured in this study. 
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Crab-tiling therefore needs to be managed. In order for the effective future management 
of crab-tiling, hypotheses related to the indirect effects of crab-tiling need to be 
examined (Figure 6.2). It is only when both the direct and indirect effects of crab-tiling 
are quantified that the impact that crab-tiling activity has on estuarine ecosystems can 
be fully understood and effectively managed'. 
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